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INTRODUCTION 
Need f o r  planned conjunct ive use  
The  d r a m a t i c  g rowth  of w a t e r  r e s o u r c e s  planning in r e c e n t  y e a r s  
h a s  b e e n  b rough t  about  by i n c r e a s e d  p r e s s u r e s  on a l imi t ed  w a t e r  
supply,  and a r e a l i z a t i o n  tha t  o rgan ized  planning of w a t e r  ut i l izat ion 
and d i s t r ibu t ion  c a n  produce  s igni f icant  e c o n o m i e s .  The  K e r r  
Commi t t ee  of the United S ta t e s  Senate (Selec t  C o m m i t t e e  on National  
W a t e r  R e s o u r c e s ,  1961) h a s  p ro jec ted  that  be tween  1960 and 1980, 
d e m a n d s  on w a t e r  r e s o u r c e s  in th i s  coun t ry  w i l l  have  doubled, and 
d e m a n d s  wi l l  have  t r ip l ed  by  the  y e a r  2000. P r e s e n t  usage ,  p a r t  of 
which  i s  sequent ia l ,  a p p r o x i m a t e s  27  p e r c e n t  of m e a n  annual  s t r e a m -  
flow. F o r  p r a c t i c a l  p u r p o s e s ,  the  to t a l  w a t e r  r e s o u r c e s  avai lable  
cons t i tu te  a  f ixed quant i ty ;  i t  is obvious tha t  if t h e s e  d e m a n d s  a r e  to be  
m e t ,  m u c h  m o r e  in tens ive  m a n a g e m e n t  of the  r e s o u r c e s  wi l l  be 
r e q u i r e d .  
P lanned conjunct ive use  of s u r f a c e  and ground w a t e r  i s  one 
m a n a g e m e n t  technique which  i s  being developed to obtain m a x i m u m  
uti l izat ion of the w a t e r  r e s o u r c e s  avai lable  to a n  a r e a .  H i s to r i ca l ly ,  
s u r f a c e  w a t e r  suppl ies  in m o s t  a r e a s  have b e e n  developed f i r s t ,  and 
ut i l izat ion of the ground w a t e r  r e s o u r c e  h a s  begun  only when the 
su r face  supply h a s  proved inadequate to m e e t  the  demand .  Ground 
w a t e r  u s e  h a s  g e n e r a l l y  t aken  the  f o r m  of d r i l l i n g  w e l l s  suff icient  to 
s a t i s f y  s o m e  expected deficiency.  F u r t h e r ,  conventional planning too 
f requen t ly  over looks  ineff ic iencies  in the b a s i c  s y s t e m ,  and responds  
to  inc reased  demands  with h a s t y  m e a s u r e s  requir ing a  min imum 
change in exist ing fac i l i t i e s ;  the ef fec t  of such  haphazard growth on 
ul t imate  c o s t s  i s  not cons ide red .  Th i s  pa t t e rn  of w a t e r  r e s o u r c e s  
development  i s  maintained b y  the  l a r g e  amounts  of capital  a l r e a d y  
invested in su r face  s to rage  r e s e r v o i r s ,  d ive r s ion  s t r u c t u r e s ,  and 
s u r f a c e  d is t r ibut ion s y s t e m s .  Ground w a t e r  continues to play a  
subord ina te ,  supp lementa ry  ro le  in m a n y  a r e a s ,  but the propor t ion of 
the to ta l  w a t e r  supply which i t  r e p r e s e n t s  i s  becoming signif icant .  
The Se lec t  Commit tee  on National Water  R e s o u r c e s  (1961) s t a t e s  tha t  
the r a t i o  of wi thdrawals  of underground w a t e r  t o  withdrawals of s u r f a c e  
w a t e r  wi l l  i n c r e a s e  f r o m  a  p r e s e n t  value of one-fourth to a  value 
g r e a t e r  than one -half within the next  2 0  to 50  y e a r s .  T h e r e  i s  now 
growing recognit ion that  ground w a t e r  r e s o u r c e s  have m a n y  inheren t  
advantages ,  s o m e  of which m a y  not b e  rea l i zed  without p roper  m a n a g e -  
m e n t .  
The f i r s t  and m o s t  obvious advantage of ground w a t e r  i s  tha t  i t  
r e p r e s e n t s  an addit ional  w a t e r  supply, which i s  l imited only b y  the 
"safe yield" of the  ground w a t e r  r e s e r v o i r .  P a r t  of this  inc reased  
supply  m a y  take  the f o r m  of r e t u r n  flow f r o m  i r r iga t ion  on the upper  
p a r t s  of the bas in ,  o r  w a t e r  which would o the rwise  be l o s t  to the a r e a .  
A second impor tan t  advantage i s  concerned with mal-dis t r ibut ion of 
w a t e r  with r e s p e c t  to t i m e ;  f luc tuat ions  in ground wate r  s t o r a g e  l eve l s  
a r e  re la t ive ly  l o n g - t e r m  as compared  to s t reamflow fluctuations.  Thus  
a ground w a t e r  bas in  i s  a  n a t u r a l  underground r e s e r v o i r ,  and h a s  the  
capabi l i ty  of smoothing out cyc l i ca l  var ia t ions  of supply. Thirdly ,  the 
aquifer  itself i s  a  pipeline, and m a y  be  used to  a signif icant  extent  f o r  
m o r e  economical  t r a n s m i s s i o n  of w a t e r  to  the a r e a s  of use .  Todd 
(1959) h a s  l is ted other advantages  of planned utilization of ground w a t e r  
supp l ies ,  e .  g. , l e s s  land r e q u i r e d  for  su r face  s to rage ,  g e n e r a l l y  b e t t e r  
qual i ty  of ground w a t e r ,  s m a l l e r  evapotranspi ra t ion  l o s s e s ,  and 
potent ia l  f o r  staged development .  
It i s  apparen t  tha t  ful l  ut i l izat ion of the w a t e r  r e s o u r c e s  of a n  
a r e a  r e q u i r e s  that  both s u r f a c e  and ground w a t e r  supplies be  cons ide red  
Because  of the hydrologic in te rac t ions  between the two supp l ies ,  the 
ex ten t  to  which eff iciency i s  a t ta ined i s  proport ional  to the d e g r e e  of 
in tegra ted  planning. Planning f o r  conjunctive use  the re fo re  should be 
one of the  f i r s t  s t e p s  in development  of wa te r  r e s o u r c e s  in a n y  reg ion .  
F u r t h e r ,  the planning ef for t  m u s t  not be l imi ted  to  a n  a s s u r a n c e  of 
technical  feas ib i l i ty ,  but  m u s t  p lace  equal emphas i s  on economic  
a s p e c t s .  J. R .  Burton (1964), when speaking on w a t e r  r e s o u r c e s  
planning in Aus t ra l i a ,  m a d e  the impor tan t  observat ion that  eng ineer ing  
d e t e r m i n e s  what  can be  done,  and what  it wil l  cos t ,  but economics  
m u s t  d e t e r m i n e  what  i s  w o r t h  doing, and to what  extent  it i s  w o r t h  
doing. Mitchell (1963) m a d e  a s i m i l a r  comment :  
The development  of p lans  to p r e s e r v e ,  p ro tec t ,  and ut i l ize ,  
o r  in s h o r t  to manage  a  ground wate r  bas in  cannot be  l e f t  to  
the devices  of s e p a r a t e  d isc ip l ines ,  but m u s t  f r o m  the  
beginning s imul taneously  recognize  the physica l  and economic 
laws a s  wel l  a s  the n e c e s s a r y  socia l  and legal  considera t ions .  
(Mitchell ,  1963, p .  1) 
Planning fo r  conjunctive use  r e q u i r e s  a high degree  of knowledge and 
understanding of the t echn ica l -economic-soc ia l - l ega l  i n t e r f a c e s .  
Objectives of s tudy 
The m a j o r  object ive of the study is  to develop a  genera l ized 
p rocedure  fo r  de te rmin ing  the feas ib i l i ty  of planned conjunctive use  in 
speci f ic ,  l imi ted ,  a r e a s .  Although th i s  p rocedure  m i g h t  be  applied b y  
w a t e r  management  agenc ies  of any  s i ze ,  it i s  intended to  be  m o s t  
beneficial  to those  agenc ies  which a r e  l a r g e  enough to  have signif icant  
management  options (such a s  s e v e r a l  d ive r s ion  points  a n d / o r  numerous ,  
sca t t e red  c u s t o m e r s ) ,  but ye t  a r e  too s m a l l  to have developed f o r m a l -  
ized p rocedures  and a n  a s s o c i a t e d  staff which i s  continually seeking 
to improve eff iciency.  The p r o c e d u r e  would, of c o u r s e ,  not be 
applicable to those  s i tua t ions  in which conjunctive u s e  i s  patently 
i m p r a c t i c a l  f o r  f inancia l  o r  physica l  r easons .  This  type of agency 
would r e q u i r e  a  p r o c e d u r e  that  i s  s imple ,  eas i ly  unders tandable ,  and 
re la t ive ly  inexpensive to  u s e .  The proposed p r o c e d u r e  provides  a  
f r a m e w o r k  fo r  inves t igat ions  in pa r t i cu la r  a r e a s  to  d e t e r m i n e  
whe ther  fu l l -sca le  conjunctive use  ana lyses  a r e  w a r r a n t e d .  
A secondary  object ive i s  t o  define the kinds and types  of data  
tha t  a r e  requ i red  in planning conjunctive use  p ro jec t s .  This  wil l  
enable agencies contemplating such investigations t o  begin l imited 
e f f o r t s  t o  obtain the neces sary  data. 
A n  additional secondary objective i s  t o  c l a r i f y  the s y s t ems  
analysis  approach,  and indicate the applicability t o  planning for  
conjunctive u se .  One particular s y s t ems  analys is  technique,  linear 
programming,  can  provide a  use fu l  ex tension t o  the initial feasibi l i ty  
study.  The  principles and application of  th i s  technique to  the 
conjunctive u se  problem wi l l  be discussed.  
L im i t s  o f  the s tudy 
T h e r e  i s  no real  l im i t  t o  the intensity wi th  which water r e sources  
planning m a y  b e  pursued. In order t o  increase  the practical value o f  
th i s  study and make  the resu l t s  usable by  agencies  l imited in budget 
and manpower ,  i t  w a s  neces sary  t o  r e s t r i c t  the  scope in f i ve  major  
a reas .  Although these res tr ic t ions  a re  s e v e r e ,  they  a re  in  keeping 
wi th  the major  objective o f  developing a  generalized conjunctive use 
feasibi l i ty  procedure.  
1. Irrigation wi l l  be the only beneficial  u se  o f  water considered.  
I t  would not be  d i f f i cu l t  to  extend the analysis  t o  include beneficial  u s e s  
whose value was  proportional t o  the quantity o f  water  supplied (o r  
s tored) ,  such as municipal ,  industrial ,  flood control ,  navigation, or 
pollution control .  However,  beneficial  u se s  whose  value i s  related t o  
the height o f  water  i n  sur face  r e s e r v o i r s ,  such a s  power and recreat ion,  
would introduce signif icant complexi t ies .  
2 .  Only d i r e c t  benef i t s  of i r r i g a t i o n  wi l l  b e  cons ide red .  T h e r e  
i s  s t r o n g  evidence  t o  suppor t  the  content ion tha t  w a t e r  used f o r  i r r i -  
ga t ion  p r o d u c e s  benef i t s  in e x c e s s  of those  r e f l ec ted  in the i n c r e a s e d  
c r o p  income .  However ,  a p r i v a t e  w a t e r  supplying agency  would have  
diff icul ty in col lec t ing  f r o m  i t s  c u s t o m e r s  f o r  a n y  of these  i n d i r e c t  
a n d  of ten  intangible benef i t s .  Hence  it  w a s  d e e m e d  d e s i r a b l e  to o m i t  
t h e m  f r o m  the  a n a l y s i s .  
3 .  Hydrologic  p r o c e s s e s  wi l l  b e  c o n s i d e r e d  d e t e r m i n i s t i c ,  i. e . ,  
the  f e a s i b i l i t y  of planned conjunct ive u s e  in a  p a r t i c u l a r  a r e a  wi l l  b e  
a s s e s s e d  f o r  "normal"  o r  a s s u m e d  hydrologic  condit ions o v e r  a  
c e r t a i n  t i m e  pe r iod .  The e s t i m a t e d  c o s t s  and  benef i t s  f o r  a  p a r t i c u l a r  
m o d e  of ope ra t ion  wi l l  be  s ingle-valued r a t h e r  than  defined a s  a  
p robab i l i ty  d i s t r ibu t ion .  
4. W a t e r  qual i ty  p r o b l e m s  w i l l  be  ignored .  The p r o c e d u r e  w i l l  
b e  a i m e d  at a r e a s  wi th  open-ended ground w a t e r  b a s i n s .  In t h e s e  
a r e a s ,  w a t e r  qual i ty  p r o b l e m s  do  not  usua l ly  o c c u r  unt i l  e f f ic iency of 
u s e  (a m e a s u r e  of r e - c y c l i n g )  i s  v e r y  high. 
5. Loca l i zed  ef fec ts  of ground w a t e r  ex t rac t ion  o r  r e c h a r g e  w i l l  
not  b e  c o n s i d e r e d .  It i s  a s s u m e d  t h a t  t h i s  p r o b l e m  would be  ana lyzed  
in  the  m o r e  de ta i led  conjunct ive u s e  planning following a  f eas ib i l i t y  
s tudy.  
Outline of study 
The study is  divided into two major  pa r t s :  (1) the development 
of a generalized simplified procedure for quick and economical 
determination of the feasibil i ty of planned conjunctive use ,  and ( 2 )  a 
means  for extension of these r e su l t s  through the sys t ems  analysis  
technique of l inear  programming.  The f i r s t  par t  consis ts  of a 
definition of the nature and requi rements  of a generalized procedure,  
presentat ion of the proposed procedure,  and a discussion of means  for  
obtaining and manipulating the data required.  The second p a r t  includes 
a brief resum6 of the  sys t ems  analysis  approach with emphas is  on 
l inear  programming, the mechanics  of creating a hydrologic l inear  
programming model, d iscussion of the necessary  equations, and the 
use of the resu l t s  of the ana lys i s .  Appendix I presen ts  the resu l t s  of 
a t r i a l  use of the initial feasibil i ty study procedure on a sma l l  
s t r eamlaqu i f e r  basin.  
T H E  GENERAL PROCEDURE 
Requirements  
The c o s t  of planning e f fo r t s  m u s t  be a p r i m e  considera t ion in the 
development  of any  planning p rocedure .  With r e g a r d  to w a t e r  r e s o u r c e s  
planning, t h e s e  c o s t s  m a y  be  e x t r e m e l y  high due t o  the high c o s t s  of 
da ta  collect ion.  The m o s t  detai led planning e f fo r t s  in  the w a t e r  
r e s o u r c e s  field have been conducted by agencies  of the  f e d e r a l  govern-  
m e n t ,  and by the State of Cal i fornia ,  where  opera t ions  of these  g roups  
a r e  financed through a l a r g e  tax b a s e .  In genera l ,  budgets  f o r  planning 
government  p r o j e c t s  a r e  not included in the cos t -benef i t  ana lys i s  of the 
p ro jec t s ;  this  can  c r e a t e  s i tua t ions  in which planning i s  c a r r i e d  to  a n  
extent  f a r  in e x c e s s  of the benef i t s  which m a y  be obtained f r o m  the 
additional planning. The s m a l l  public o r  p r iva te  w a t e r  management  
agency i s  faced wi th  m u c h  t ighter  budgetary con t ro l  on planning. A s  a 
consequence,  a  planning p r o c e d u r e  f o r  use by these  s m a l l e r  agencies  
m u s t  be designed to p e r m i t  the n e c e s s a r y  dec i s ions  to  b e  m a d e  a t  the 
l e a s t  poss ib le  cos t .  
A m i n i m u m - c o s t  planning p rocedure  r e q u i r e s  tha t  the  planning 
e f fo r t  be t e rmina ted  a t  the f i r s t  indication of infeas ib i l i ty .  Th i s  m a y  
be  accompl ished through a judicious sequencing of t a s k s  which r e s u l t s  
in  na tu ra l  decis ion-points .  Cr i t i ca l ,  shor t - l ead- t ime  t a s k s  should be 
completed e a r l y  i n  the  p r o g r a m ;  h igh-cost  opera t ions  should be  delayed 
to  the l a t e s t  t i m e  c o m m e n s u r a t e  with the scheduled planning completion 
date .  
A second r e q u i r e m e n t  of a  genera l  p r e l i m i n a r y  planning 
p rocedure  i s  capabi l i ty  of expansion a n d / o r  ref inement .  L a r g e r  
p ro jec t s  wi l l  usual ly  r e q u i r e  m o r e  intensive a n a l y s i s ,  a s  will  p ro jec t s  
in which the  cos t -benef i t  r a t i o  i s  m a r g i n a l .  F u r t h e r m o r e ,  planning 
ef for ts  m u s t  often be  ta i lored to  the planning funds avai lable ,  especia l ly  
in the c a s e  of public agenc ies .  
In b a s i c  f o r m ,  applicat ion of the p r e l i m i n a r y  planning p rocedure  
to  conjunctive use  m u s t  provide the a n s w e r  to one quest ion,  "Is 
planned conjunctive use  of s u r f a c e  and ground w a t e r  in this  pa r t i cu la r  
a r e a  wor thy  of a m o r e  detai led inves t igat ion?"  T o  accompl i sh  this  
end,  legal ,  hydrologic ,  and economic feas ib i l i ty  m u s t  b e  invest igated 
and a s s e s s e d .  
L i t e r a t u r e  desc r ib ing  g e n e r a l  p r e l i m i n a r y  planning p r o c e d u r e s  
i s  v e r y  l imi ted .  F o r m a l  government  publicat ions such  a s  the "Green 
Book" ( F e d e r a l  In teragency Commit tee  on Wate r  R e s o u r c e s ,  1958) 
and Senate Document  No. 97 (The  P r e s i d e n t ' s  Wate r  R e s o u r c e s  
Council,  1962) indicate g e n e r a l  a s p e c t s  and object ives  of p ro jec t  
planning, but a r e  concerned with l a r g e - s c a l e  planning and national 
object ives .  A rev iew of the Bureau  of Rec lamat ion  Ins t ruct ions  (1959) 
revealed  no f o r m a l i z e d  p r o c e d u r e s  fo r  the conduct  of feas ib i l i ty  
s tudies .  Quite probably  in fo rmal ly -desc r ibed  p r o c e d u r e s  a r e  being 
followed a t  the lower  echelons.  P r e l i m i n a r y  planning f o r  i r r i g a t i o n  
p r o j e c t s  i s  d i scussed  in v a r i o u s  t ex t s  and handbooks of i r r iga t ion  
engineer ing.  Again, th is  m a t e r i a l  i s  quite genera l .  F o r  example ,  
Houk (1956)  indicates  that  th i s  phase  i s  compr i sed  of a ssembl ing  and 
diges t ing of avai lable  data ,  s e c u r i n g  additional data,  and p e r f o r m i n g  
c u r s o r y  ana lyses .  
Available l i t e r a t u r e  on planning specif ical ly f o r  conjunctive use  
of s u r f a c e  and ground w a t e r  m a y  be  c l a s s e d  as e i the r  v e r y  g e n e r a l  
guidel ines ,  o r  p r o c e d u r e s  followed on pa r t i cu la r  p ro jec t s .  T h o m a s  
(1957) g ives  a n  excel lent  p resen ta t ion  of the f i r s t  c l a ss i f i ca t ion  b y  
dividing the b a s i n  invest igat ion into t h r e e  ca tegor ies :  geologic,  
hydrologic ,  and economic .  The Cal i fornia  Depar tment  of Wate r  
R e s o u r c e s  (1966) i s  an example  of the second c lass i f ica t ion;  F i g u r e  1 
i s  a flow c h a r t  of the planning p r o c e d u r e  used.  This p rocedure  i s  
predicated on the assumpt ion  tha t  conjunctive u s e  i s  f eas ib le ,  and h e n c e  
e m p h a s i z e s  f ina l  planning and the formulat ion and compar i son  of 
a l t e r n a t i v e  p lans .  A genera l i za t ion  of the p rocedure  used in th i s  
p a r t i c u l a r  invest igat ion i s  d e s c r i b e d  b y  Chun, Mitchell ,  and Mido (1964). 
T h e  flow c h a r t  
F i g u r e  2 i l l u s t r a t e s  a flow c h a r t  of the proposed p r o c e d u r e  f o r  
a feas ib i l i ty  study of planned conjunctive u s e .  The sequence of 
opera t ions  p roceeds  f r o m  le f t  to r igh t ,  with the horizontal  a x i s  being 
a re la t ive  t ime  b a s e .  An operation m a y  not be completed until  a l l  the 
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inputs have been received. 
In keeping with the minimum planning cost  philosophy, the initial 
operation i s  the determination of legal constra ints .  This task consis ts  
of determining whether and to what extent additional water  is 
appropriable;  the additional water  m a y  take the f o r m  of ground wa te r ,  
surface water ,  o r  both. An anci l lary task i s  to a s s e s s  the legal 
feasibility of water  t r ans fe r s  o r  other exchanges; e .  g. , appropriating 
water  f r o m  one location and replacing it with water  f r o m  another 
location or  source .  
The knowledge of legal constraints permi ts  a decision to be made  
between three  a l ternat ives .  If no additional water  i s  appropriable,  and 
t r ans fe r s  o r  exchanges may  not be made,  conjunctive use is  not 
feasible and the planning will be terminated.  If additional water  is  
appropriable,  the e s t ~ m a t i o n  of costs  and benefits of this additional 
water  i s  initiated. If additional water  i s  not appropriable,  but t r a n s f e r s  
or  exchanges might be allowed, there  is a possibil i ty f o r  achieving 
distribution economies with conjunctive use ,  and this approach may  be 
investigated. 
In the event that additional water  may be made available, the f i r s t  
task which should be accomplished i s  an es t imat ion of g ros s  benefits 
which might acc rue  to the water  added to the sys tem.  This is a 
depar ture  f r o m  the m o r e  common procedure of assuming a reasonable  
s ize  of project ,  making a pre l iminary  design of the project ,  and then 
determining the costlbenefit  ra t io  o r  net benefits for the par t icu la r  
project  design. It i s  believed that  creation of a curve of g r o s s  
benefits versus  quantity of water  supplied will efficiently define the 
general  s ize  and type of possible projects .  This curve,  together with 
a rough est imate  of well construction and pumping cos t s ,  l eads  to 
another decision point a t  which benefits and approximate cos t s  m a y  be 
compared to a s s e s s  net  benefits .  
If it s t i l l  appears  possible that the benefits of the additional 
water  supply may  be sufficient to cover  the costs ,  the study may  
continue along two alternative routes .  This portion of the analysis  is  
l a rge ly  hydrologic, and the paths chosen a r e  dependent on the previously 
determined legal constraints.  If ground water  is  appropriable,  the 
approximate safe yield of the aquifer mus t  be determined. This would 
include recapture  of water  o r  reduction of l o s se s .  If flood water  i s  
appropriable,  the amount that m a y  be captured is  determined; this 
m u s t  be calculated in  conjunction with a study of the recharge  capabili- 
t i e s  in the a r e a .  
A summation of the additional water  hydi-ologically available f r o m  
the applicable legally feasible paths yields the maximum additional 
supply. This f igure may  be entered on the benefitlquantity curve ,  and 
a f igure  for  maximum attainable benefits m a y  be obtained. 
Planning and costing of a l ternat ive projects  enter the analysis  
a t  this point. The objective of this phase should be the creat ion of a 
cost /quant i ty  c u r v e ,  showing the opera t ional ,  ma in tenance ,  and 
capital  amor t i za t ion  c o s t s  of supplying va r ious  quant i t ies  of w a t e r .  
This p a r t  of the invest igat ion i s  usually the m o s t  cos t ly  and t i m e -  
consuming,  and hence i s  not initiated in the p r o c e d u r e  unti l  l ega l  and 
hydrologic b a r r i e r s  have  been  a s s e s s e d .  P r o j e c t  fo rmula t ion  and c o s t  
ana lys i s  m a y  be a s  extens ive  a s  deemed n e c e s s a r y ,  but  it should be  
r e m e m b e r e d  that  the  e n t i r e  s tudy i s  designed to d e m o n s t r a t e  feasibi l i ty,  
r a t h e r  than to  provide o r  s e l e c t  specif ic  des ign c r i t e r i a .  P u r s u a n t  to 
th i s  philosophy, only d i r e c t  m o n e t a r y  cos t s  should b e  cons ide red .  
Although s o c i a l  c o s t s  a n d / o r  spi l lover  ef fec ts  m a y  b e  signif icant ,  under  
the  p r e s e n t  d a y  economic  f r a m e w o r k  they a r e  not r e leven t  to p r a c t i c a l  
decis ions  m a d e  b y  s m a l l e r  w a t e r - r e s o u r c e  agencies .  
Returning to  the f i r s t  opera t ion in the p r o c e d u r e ,  a condition 
m a y  a r i s e  in which no addit ional  w a t e r  is  appropr iab le  o r  r e a l l y  
r e q u i r e d ,  but t r a n s f e r s  o r  f o r m s  of exchanges  a r e  allowed. In th is  
c a s e ,  planned conjunctive u s e  m a y  s t i l l  be advantageous by providing 
dis t r ibut ion economies .  The  f i r s t  t a sk  on th is  path i s  to  de te rmine  the 
p r e s e n t  d is t r ibut ion c o s t s  f o r  the given quantity of w a t e r .  This together 
with the rough e s t i m a t e  of well  const ruct ion and pumping c o s t s  i s  
sufficient  information on which to b a s e  a decis ion of economic  feas ib i l i ty  
of a  change in  d is t r ibut ion methods .  
If ground w a t e r  ut i l izat ion c o s t s  appear  compet i t ive  with those of 
s u r f a c e  w a t e r ,  the  a n a l y s i s  m a y  continue with a n  a s s e s s m e n t  of aquifer  
s t o r a g e  capaci ty  and r e c h a r g e  capabi l i t ies .  Th i s  wi l l  define the l i m i t  
to which s u r f a c e  s t o r a g e  and dis t r ibut ion fac i l i t i e s  m a y  be replaced b y  
the na tu ra l  capabi l i t ies  of the aqu i fe r ,  and wi l l  complete  the hydrologic  
phase  of th i s  path.  When cos t s  of a l t e rna t ive  d is t r ibut ion s y s t e m s  have  
been es t ima ted ,  this  path would re jo in  the o the r  path a t  the point  of 
the  f ina l  dec i s ion .  Obviously, d is t r ibut ion economies  should be 
invest igated when addit ional  w a t e r  i s  appropr iab le  a s  well ,  and the 
d is t r ibut ion economy path would be  included in any ana lys i s .  
The conclusion to the feas ib i l i ty  study is the a n s w e r  to the 
ques t ion,  "Is planned conjunctive use  feas ib le  in th is  pa r t i cu la r  a r e a ?  ' I  
The da ta  m a d e  avai lable  dur ing the study a r e  a re la t ionship  between 
quant i ty  of w a t e r  supplied and g r o s s  benef i t s ,  and a re la t ionship  
between quanti ty of w a t e r  supplied and c o s t s  of supply. These  m a y  be  
combined t o  yield a g e n e r a l  comment  on feas ib i l i ty  of planned 
conjur~ct ive  u s e ,  and a n  es t ima te  of the  addit ional  w a t e r  which should 
be  supplied t o  yield the m a x i m u m  net  benef i t s .  
T h i s  sec t ion  h a s  outlined the proposed g e n e r a l  p rocedure  f o r  
invest igat ing the potential  of planned conjunctive u s e .  The following 
sec t ion  wil l  expand on this  p r o c e d u r e ,  indicating data  which a r e  
r e q u i r e d ,  and the m e a n s  fo r  obtaining and implement ing these  data .  
DETAILED TASK ACCOMPLISHMENT 
L e g a l  feas ib i l i ty  
T h e  purpose  of th is  t a s k  i s  to d e t e r m i n e  the quanti ty of w a t e r  in 
the  bas in ,  o r  a r e a  in quest ion,  which m a y  legal ly  be appropr ia ted  
a n d / o r  used f o r  benef ic ia l  purposes .  In m o s t  w e s t e r n  s t a t e s ,  w a t e r  
r i g h t s  a r e  obtained by appropr ia t ion  under  the principle " f i r s t  in t i m e ,  
f i r s t  in r ight .  " Usually these  r i g h t s  a r e  f o r m a l l y  granted by a n  agency  
of the s t a t e  (often the  State Eng ineer )  a f t e r  de termining that  t h e r e  a r e  
no o the r  p r i o r  c l a ims  to the w a t e r .  If a  s u r f a c e  s t r e a m  is  o v e r -  
appropr ia ted ,  that  i s ,  s t r eamf low i s  not sufficient  to sa t i s fy  a l l  the 
r i g h t s ,  those with the e a r l i e s t  r igh t s  a r e  sa t i s f ied  f i r s t .  In s t a t e s  
w h e r e  the  r i p a r i a n  doct r ine  of w a t e r  r igh t s  is  recognized,  the land 
ad jacen t  t o  a  s t r e a m  c a r r i e s  wi th  i t  r igh t s  to  reasonable  use  of the 
w a t e r .  In m o s t  c a s e s  r i p a r i a n  r igh t s  m a y  not be sepa ta ted  f r o m  the 
land.  Ground w a t e r  law h a s  not been  refined to  a degree  equivalent  to  
s u r f a c e  w a t e r  law, and acquisition p r o c e d u r e s  f o r  r ights  to ground w a t e r  
m a y  v a r y  in d i f fe ren t  s t a t e s  f r o m  p u r e  appropr ia t ion  (Utah) to  r i p a r i a n  
( T e x a s ) .  A n  excel lent  g e n e r a l  desc r ip t ion  of ground w a t e r  law i s  given 
b y  Wel ls  A .  Hutchins (1960). M o r e  detai led d i scuss ion  of w a t e r  l aws  
in  p a r t i c u l a r  s t a t e s  m a y  be found by consult ing the bibliography p r e p a r e d  
by Turney  and E l l i s  (1962). 
Legal  cons t ra in t s  on w a t e r  r e s o u r c e s  of undeveloped a r e a s  a r e  
usual ly  not c r i t i ca l ;  genera l ly  the w a t e r  which is  available hydrological ly 
i s  available legally.  The opposite  is  often t rue  in developed b a s i n s .  In 
Utah, a  wa te r  deficient  s t a t e ,  a ground w a t e r  appropr ia to r  m a y  not 
withdraw w a t e r  f r o m  a n  a r t e s i a n  aquifer  to such a n  extent  tha t  i t  
d e c r e a s e s  the p r e s s u r e  a t  the we l l  of a  senior  ground w a t e r  appropriator .  
O r ,  in  bas ins  w h e r e  the  A m e r i c a n  Rule of ground wate r  r i g h t s  i s  in 
ef fec t ,  ground w a t e r  l e v e l s  m a y  not be  lowered to an extent  tha t  o the r  
a p p r o p r i a t o r s  in the b a s i n  a r e  unable to pump w a t e r ,  desp i t e  the f a c t  
tha t  such  lowering of the w a t e r  table  might  wel l  i n c r e a s e  the inflow to 
the  bas in .  
The w a t e r  r igh t s  invest igat ion can  b e s t  be  handled b y  a n  a t to rney ,  
bu t  in p r e l i m i n a r y  inves t igat ions  the t a sk  m i g h t  we l l  be delegated to a n  
eng ineer .  As  guidelines,  it should be r e m e m b e r e d  that  the  s u c c e s s f u l  
opera t ion  of a conjunctive u s e  p r o j e c t  r e q u i r e s  that  the s t o r a g e  capaci ty  
of the  aquifer  be ut i l ized,  and that  w a t e r  be withdrawn f r o m  the  
s t r e a m l a q u i f e r  s y s t e m  a t  the m o s t  eff icient  locations.  T h e s e  ac t ions  
a r e  dependent on the l ega l  feas ib i l i ty  of appropr ia t ing  s e a s o n a l  and 
cyc l i ca l  runoff,  and pe r fo rming  in t ra -bas in  t r a n s f e r s .  The l e g a l  
invest igat ion will  s e l d o m  yield a c l e a r - c u t  definition of the quanti ty of 
w a t e r  avai lable  for  appropr ia t ion .  The ac tual  appropr iabi l i ty  can  be 
de te rmined  only by the outcome of a f o r m a l  application fo r  w a t e r  r igh t s ,  
s ince  only a f t e r  a n  applicat ion h a s  been filed a r e  o ther  a p p r o p r i a t o r s  
r e q u i r e d  t o  s t a t e  and def ine  t h e i r  p resumed  r i g h t s .  However ,  the 
inves t iga t ion  should d e t e r m i n e  whe the r  t h e r e  a r e  l e g a l i t i e s  t o  c o n s i d e r ,  
and should indica te  the  p r a c t i c a l  m a x i m u m  of v a r i o u s  k inds  of w a t e r  
which  could r e a s o n a b l y  be  cons ide red  appropr i ab le .  
E s t i m a t i o n  of g r o s s  benef i t  l i m i t s  
The  e s t i m a t i o n  of m a x i m u m  poss ib le  g r o s s  bene f i t s  of addit ional  
w a t e r  i s  c r i t i c a l  f o r  provid ing  a n  upper  l i m i t  t o  the  c o s t s  which  m a y  b e  
i n c u r r e d .  M r .  B. D. G a r d n e r  (1966, p. 13)  s t a t e s  wi th  r e g a r d  to w a t e r  
planning,  tha t  " . . . what  i s  r e q u i r e d  f o r  op t ima l  planning dec i s ions  i s  
a  demand c u r v e  f o r  a l l  u s e s  and u s e r s  of w a t e r .  " T h i s  demand cu rve  
would indicate the quant i ty  of w a t e r  which would b e  p u r c h a s e d  a t  any 
p r i c e  l e v e l ,  o r  c o n v e r s e l y ,  t he  p r i c e  l eve l  which  would p r e v a i l  in  a  
f r e e  w a t e r  m a r k e t  f o r  a n y  given quanti ty of w a t e r  supplied t o  the  m a r k e t .  
The  cons t ruc t ion  of s u c h  a demand c u r v e  p r e s e n t s  m a n y  p r a c t i c a l  
d i f f icu l t ies ,  and the va lue  (for  planning) of a  p a r t i c u l a r  demand  c u r v e  
i s  dependent  on the d e g r e e  to which  these  d i f f icu l t ies  a r e  su rmoun ted .  
One p r o b l e m  i s  tha t  a  demand  c u r v e  r e p r e s e n t s  the  s i tua t ion  a t  a  
p a r t i c u l a r  ins tant  of t i m e ,  whi le  a  p ro jec t  i s  intended t o  o p e r a t e  f o r  
m a n y  y e a r s .  P lanning f o r  a n  op t ima l  p ro jec t  then  should take  into 
account  demand c u r v e s  p ro jec ted  f o r  v a r i o u s  t i m e s  throughout  the l i fe  
of the p ro jec t .  Th i s  d e g r e e  of sophis t ica t ion  should not be  r e q u i r e d  f o r  
a  f eas ib i l i t y  s tudy.  However ,  the demand c u r v e  cons t ruc ted  fo r  th is  
type of s tudy should r e f l e c t  r easonab le  e s t i m a t e s  of n e a r - f u t u r e  conditions. 
A m a j o r  p rob lem in the const ruct ion of demand curves  fo r  w a t e r  
i s  that t h e r e  i s  se ldom a f r e e  m a r k e t  condition prevai l ing  which would 
provide h i s t o r i c a l  da ta  on the r e s p o n s e  of w a t e r  u s e r s  to changes in 
p r i c e .  Fu l l e r ton  (1966) h a s  noted a n  approximat ion of a  w a t e r  m a r k e t  
exis t ing  in the Delta a r e a  of the Sev ie r  R iver  b a s i n  of Utah, in which 
t r a n s f e r s  of w a t e r  r igh t s  a r e  effected by outr ight  sa le ,  sa le  of i r r iga t ion  
company s t o c k s ,  and r e n t a l  of w a t e r  o r  of i r r iga t ion  company s t o c k s .  
Unfortunately,  the data  concerning this  o r  s i m i l a r  isolated w a t e r  
m a r k e t s  would be  p e r c u l i a r  to the a r e a s  in which the data  w e r e  
genera ted ,  and could not be  read i ly  utilized in the ana lyses  of o ther  
a r e a s .  
Because  of the paucity of h i s t o r i c a l  da ta  re la t ing  to demand c u r v e s  
f o r  w a t e r ,  m a n y  inves t igators  have chosen to  a t t ack  the p rob lem of 
valuation of w a t e r  f r o m  other  d i rec t ions .  G a r d n e r  (1966) br ief ly  
d e s c r i b e s  s e v e r a l  of these  approaches ,  the m o s t  impor tan t  of which 
a r e  m a r g i n a l  productivi ty ana lys i s  and the value-added concept. 
Marg ina l  productivi ty ana lys i s .  In g e n e r a l ,  m a r g i n a l  
product iv i ty  a n a l y s i s  i s  concerned with es tabl ishing re la t ionships  
between va r ia t ions  in the quant i t ies  of v a r i o u s  inputs to the resul t ing  
changes  in outputs .  The m a r g i n a l  productivi ty of a n  input i s  defined as  
the amount  by which the output wi l l  change wi th  a one unit change in  input. 
If the value of the output i s  m e a s u r a b l e ,  the value of an input can be 
e x p r e s s e d  in  the s a m e  units .  Thus  when the  m a r g i n a l  productivi ty of 
w a t e r  i s  known a t  e v e r y  l eve l  of w a t e r  supply, the total  value of any  
quant i ty  of w a t e r  can be computed.  
An a l t e rna t ive  method of viewing m a r g i n a l  productivi ty a n a l y s i s  
i s  through the concept of the product ion function. The end r e s u l t  of the  
a n a l y s i s  i s  to define the output in t e r m s  of the  inputs,  o r  
th is  i s  defined a s  the production function. When this  function i s  
e s t i m a t e d ,  the value of any  input c a n  be  e x p r e s s e d  in t e r m s  of i t s  
e f fec t  on output. 
T h e r e  i s  considerable  work  in  p r o g r e s s  d i rec ted  towards  the 
d e t e r m i n a t i o n  of production functions f o r  i r r i g a t i o n  w a t e r .  V. W.  
Rut tan  (1965) h a s  published the r e s u l t s  of a n  e x t r e m e l y  comprehens ive  
study in  which regional  production functions w e r e  developed, using as  
v a r i a b l e s  the a c r e a g e  of i r r iga ted  land and c u r r e n t  opera t ing e x p e n s e s .  
A .  I .  McCutchan (1964) commented on the production function concept  
and p r e s e n t e d  a c u r v e  re la t ing  the c r o p  yield of s u g a r  b e e t s  v e r s u s  
the  quanti ty of  w a t e r  appl ied .  A s i m i l a r  r e la t ionsh ip  w a s  de te rmined  
f o r  a l fa l fa  production r e s p o n s e  to  w a t e r  appl ica t ion in  Arizona (Under -  
ground Wate r  Commiss ion ,  1953, p. 88) .  Both of these  s tudies  
exhibited d iminishing m a r g i n a l  productivi ty as m o r e  w a t e r  w a s  applied 
to  the land.  
C. Ber inger  (1961) r a i s e d  a s t rong  objection to s t a t i c  production 
function s tudies  in which w a t e r  quant i ty  w a s  the independent va r iab le  
and c r o p  output w a s  t h e  dependent  var iable .  The b a s i s  of h i s  cr i t ique  
w a s  twofold; such  an approach  fa i led  to  cons ide r  t ime  d i s t r ibu t ion  of 
w a t e r  applicat ion over  the i r r i g a t i o n  cycle  as  a n  impor tan t  v a r i a b l e ,  1 
and  the  r e s u l t s  f r o m  s u c h  a n a l y s e s  could not be  extended to  c o v e r  a r e a s  
not  included in the o r ig ina l  s tudies .  He s e t  for th ,  and suppor ted  wi th  
exper imenta l  da ta ,  the t h e s i s  tha t  plant  growth should f i r s t  be  r e l a t e d  
t o  m o i s t u r e  tension in the soi l ,  and then l a t e r  and ind i rec t ly  t o  quanti ty 
of w a t e r  applied.  His  contention w a s  that the law of d iminishing r e t u r n s  
wi th  r e s p e c t  to  w a t e r  should be viewed a s  a re la t ionship  in  which  output 
i s  a non- l inea r  function of the i n v e r s e  of va r ious  m o i s t u r e  s t r e s s  
conditions which a r e  allowed to o c c u r  between i r r iga t ions .  
The production function, o r  m a r g i n a l  productivity, a p p r o a c h  i s  
potential ly a valuable tool fo r  e s t ima t ing  benefits of i r r iga t ion .  At the 
p r e s e n t  s t a te  of ref inement ,  however ,  i t  a p p e a r s  a n  i m p r a c t i c a l  
a p p r o a c h  f o r  use  in a f eas ib i l i ty  study.  
Value-added approach.  Value-added i s  defined a s  the  amount  b y  
which the m a r k e t  value of the outputs  of a production p r o c e s s  exceed 
the cos t  of goods and s e r v i c e s  put into the p r o c e s s .  F o r  the c a s e  of 
i r r iga t ion ,  the value-added by i r r iga t ion  w a t e r  is a s s u m e d  to  be equal  
I 
I t  i s  conceivable that  this  f a c t o r  could be  included by a m o r e  
sophis t ica ted  express ion  of the production function. 
to  the value of the to t a l  c r o p  production m i n u s  c o s t s  of a l l  f a c t o r s  of 
production except  the  w a t e r .  An  excel lent  e x a m p l e  of th i s  a p p r o a c h  
i s  the Unive r s i ty  of New Mexico  inves t iga t ion  of the  San J u a n  and 
Rio  Grande  b a s i n s  (Wol lman,  1962) .  
P r a c t i c a l  p r o b l e m s  encountered  when applying the  value -added 
a p p r o a c h  usua l ly  l i e  in the a r e a s  of da ta  col lec t ion  and ext rapola t ion .  
S t e w a r t  (1964) h a s  d i s c u s s e d  t h e s e  p r o b l e m s  in a  c r i t i q u e  of the U. S. 
Depar tmen t  of A g r i c u l t u r e  invest igat ions in the Upper  Co lo rado  Rive r  
bas in .  One notewor thy  point  which  w a s  emphas ized  i s  tha t  the  approach  
t o  valuat ion of w a t e r  i s  a  r e s i d u a l  one; r e t u r n s  t o  o the r  f a c t o r s  of 
product ion  a r e  a s s u m e d  equivalent  to the i r  m a r k e t  p r i c e s ,  and  any  
"excess  prof i t "  f r o m  t h e s e  f a c t o r s  a c c r u e s  to the i r r i g a t i o n  w a t e r .  
F l a c k  (1965) r e p o r t s  o n  the  va r i ab i l i t y  of da ta  due to economies  of 
s c a l e .  I t  w a s  d e t e r m i n e d  tha t  in  the San Joaquin  Valley of Cal i forn ia ,  
the a v e r a g e  1 2 8 0 - a c r e  f a r m  o p e r a t o r  could b r e a k  even  a t  a  w a t e r  c o s t  
of $17 /ac re - foo t ;  f o r  a n  8 0 - a c r e  f a r m ,  the b r e a k - e v e n  c o s t  dropped t o  
$7.  5 0 l a c r e - f o o t .  
Although the  va lue-added concept  h a s  p r o v e n  v e r y  use fu l  in  w a t e r  
r e s o u r c e s  planning,  it is not  gene ra l ly  applied to the p r o b l e m  of 
cons t ruc t ing  a demand c u r v e  f o r  w a t e r .  The  a n a l y s i s  i s  dependent  on 
h i s t o r i c a l  da ta ,  o r  p r o j e c t i o n s  of h i s t o r i c a l  data.  S ince  th i s  i s  the 
c a s e ,  the end r e s u l t  of a va lue-added ana lys i s  i s  u sua l ly  a  f i g u r e  
r e p r e s e n t i n g  the to ta l  va lue-added by a p a r t i c u l a r  quant i ty  of w a t e r  to 
a p a r t i c u l a r  product ion  p r o c e s s .  The  under ly ing  a s s u m p t i o n  is tha t  t h e  
product ion  p r o c e s s ,  o r  p a r t i c u l a r  i r r i g a t e d  f a r m ,  " r e q u i r e s "  th i s  
quanti ty of w a t e r ;  t he  ef fec ts  of l e s s e r  o r  g r e a t e r  quant i t ies  of w a t e r  
on the  s a m e  land a r e  not  d e t e r m i n e d .  
It i s  doubtful tha t  the  a v e r a g e  value of a  given volume of w a t e r  
(obtained by  dividing to t a l  va lue-added by the  quant i ty  of w a t e r  added)  
is espec ia l ly  mean ingfu l ,  s ince  th is  would yield a hor i zon ta l  demand 
c u r v e .  In o the r  w o r d s ,  any  i n c r e m e n t  of w a t e r  supplied t o  the  a r e a  
h a s  a  value ident ica l  to  tha t  of any o ther  i n c r e m e n t  of w a t e r  supplied. 
The  to t a l  benef i t  c u r v e  (the in t eg ra l  of the  d e m a n d  c u r v e )  f o r  th is  
s i tua t ion  would b e  a  s t r a i g h t  l ine  wi th  s lope equal  to the  a v e r a g e  va lue-  
added ( s e e  F i g u r e  3 ) .  L£, a s  Wol lman (1962, p.  118) s t a t e s ,  "The 
object ive in developing a new p r o j e c t  should b e  t o  i r r i g a t e  the h ighes t  
g r a d e  of l and ,  " then a s t r a igh t - l ine  benefi t  c u r v e  i s  u n r e a l i s t i c  and 
inadequate to a t t a in  th i s  objec t ive .  
Land c l a s s i f i ca t ion .  One m e a n s  of c i r cumven t ing  th i s  p r o b l e m  
i s  through a c l a s s i f i ca t ion  of land a n d / o r  o t h e r  f a c t o r s  within the b a s i n ,  
and a d e t e r m i n a t i o n  of the va lue-added by w a t e r  on e a c h  of the v a r i o u s  
c l a s s e s .  T h i s  p r o d u c e s  a  discontinuous d e m a n d  c u r v e  ( s e e  F i g u r e  4 ) .  
E a c h  hor i zon ta l  s e g m e n t  of the c u r v e  r e p r e s e n t s  the  a v e r a g e  va lue -  
added on a p a r t i c u l a r  a r e a  c l a s s ;  individuals  f a r m i n g  the b e s t  a r e a  
thus  should b e  wi l l ing  t o  p a y  the h ighes t  p r i c e  f o r  w a t e r .  The n u m b e r  
and extent  of the d iscont inui t ies  a r e  d e t e r m i n e d  by  the  n u m b e r  of 
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c lasses  chosen. F igure  4 a l so  shows the benefitlquantity curve 
result ing f r o m  this type of demand curve. Since the slope of this 
curve a t  any point i s  equal to the value-added a t  that point, changes in 
slope occur a t  each discontinuity in the demand curve.  
Physical  p roper t ies  of the land a r e  probably the m o s t  important 
determinant of maximum attainable benefits f r o m  irrigation.  
Consequently, there  have been numerous a t tempts  to define and 
measu re  the important  p roper t ies ,  determine relative importance,  and 
assign weighted values so that the productive value of a particular 
parce l  of land could be objectively estimated.  Although agr icul tural  
special is ts  may  be available to per form the task of land classification,  
a general  understanding of the concepts and procedures  is necessary  
for engineers and planners  attempting to es t imate  attainable gross  
benefits of conjunctive use projects .  
The inajor determinants  of land productivity (excluding irrigation 
supply), a r e  (1) soil conditions, including texture,  permeabili ty,  depth, 
and sal t  and/or  a lkal i  problems;  (2 )  topographic charac te r i s t ics ;  and 
( 3 )  climatic conditions, principally precipitation and length of growing 
season. Houk (1956) presen ts  a good general  descr ipt ion of the use of 
these fac tors  in developing land classification sys t ems .  Christensen 
and Hansen (1961) have prepared a c i rcular  on land classification 
illustrating how an  individual proceeds to c l a s s i fy  a cer ta in  parcel  of 
land. This sys t em i s  based on the assignment of point values to var ious  
conditions of selected pa rame te r s ;  the overal l  land rating is obtained 
a s  the product of the point values of each parameter .  Under this sys t em,  
lands a r e  not divided into separate  c l a s se s ,  but this may be easily 
accomplished by setting upper and lower c l a s s  l imits .  The procedure 
h a s  been refined by Christensen and Hutchings (1966) but remains  the 
s ame  general  approach. 
The complexity of land classification naturally increases  a s  the 
number of c l a s se s  increases .  Houk (1956) indicates that the Bureau 
of Reclamation used three  c l a s se s  of i r r igable  acreage in planning the 
Columbia Basin Pro jec t :  (1) m o s t  desirable  land, suitable for 
diversified c rops ,  (2)  land suitable for  m o s t  c rops ,  and ( 3 )  land suitable 
for  special  crops such a s  r ice ,  pas ture ,  o r  forage.  This would appear  
to be an  adequate breakdown for a prel iminary feasibility study. 
Determination of monetary benefits. Although the classification 
of land i s  a major  accomplishment in the estimation of potential benefits, 
difficult tasks  remain  in the assumptions of how the land will be f a rmed ,  
and what p r i ce s  the resulting c rops  will command in the market .  This 
is  undoubtedly the m o s t  subjective portion of the feasibility study, and 
there  a r e  relatively few guidelines that can be suggested. It would not 
be too difficult to determine how the var ious  c l a s se s  of land should be 
fa rmed,  but experience b a s  shown that his tor ical  farming patterns a r e  
slow to change. Castle has  indicated logical reasons  f o r  discrepancies  
between optimal and actual irr igation prac t ices ,  and warns  that, 
If t heore t i ca l  w a t e r  r e q u i r e m e n t s  a r e  used  in  w a t e r s h e d  
planning and if they  devia te  subs tant ia l ly  f r o m  the u s e  
f a r m e r s  a r e  ac tua l ly  m a k i n g  of the  w a t e r ,  they m a y  lead  
t o  a  cons ide rab le  ove r -va lua t ion  of w a t e r .  (Cas t l e ,  1962, 
p. 121) 
P r o b a b l y  the  b e s t  p ro jec t ions  of f u t u r e  p a t t e r n s  would be  b a s e d  on 
p r e s e n t  p r a c t i c e s  on l o c a l  ex is t ing  i r r i g a t e d  f a r m s .  P r o j e c t i o n s  of 
a g r i c u l t u r a l  p r i c e s  would be  m a n d a t o r y  in  de ta i led  planning of 
i r r i g a t i o n  p r o j e c t s ;  fo r tuna te ly ,  l ong- range  projec t ions  should not  b e  
r e q u i r e d  f o r  a  f eas ib i l i t y  s tudy.  Although i t  would be  w i s e  t o  c o n s i d e r  
obvious f u t u r e  p r i c e  p a t t e r n s ,  i n  g e n e r a l  p r e s e n t  p r i c e  l e v e l s  wi l l  
p i o v i d e  suf f ic ient  a c c u r a c y  f o r  the  intended p u r p o s e s .  
The  B u r e a u  of R e c l a m a t i o n  (1959) has developed c o m p r e h e n s i v e  
p r o c e d u r e s  f o r  the e s t i m a t i o n  of d i r e c t  i r r i g a t i o n  benef i t s .  The  b a s i s  
f o r  t h e s e  p r o c e d u r e s  i s  a  modif ica t ion  of the value-added a p p r o a c h  in 
which  a l l  c o s t s  of product ion  excep t  w a t e r  a r e  e s t ima ted  and  s u b t r a c t e d  
f r o m  the m o n e t a r y  w o r t h  of the  c r o p  and o t h e r  outputs.  The  r e s i d u a l  
i s  t e r m e d  the f a r m e r ' s  "abi l i ty  to pay,  " and  is in effect  the  a m o u n t  
which  he  would b e  able  t o  pay  f o r  the  n e c e s s a r y  i r r i g a t i o n  w a t e r .  
F i g u r e  5 i s  taken f r o m  the  R e c l a m a t i o n  Manual  (Bureau  of Rec lamat ion ,  
1959)  and indica tes  the r e q u i r e d  da ta .  Although th is  speci f ic  a n a l y s i s  
is m u c h  too de ta i led  f o r  a  p r e l i m i n a r y  f eas ib i l i t y  s tudy,  i t  i l l u s t r a t e s  
the  types  of d a t a  that  would b e  r e q u i r e d  f o r  any  va lue-added a n a l y s i s .  
An  exce l l en t  example  of d a t a  which  would b e  valuable in t h i s  type  of 
a n a l y s i s  i s  tha t  p resen ted  by  R o g e r s  and Neely (1966) conce rn ing  upland 
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F i g u r e  5 .  I r r i g a t i q n  c a p a c i t y  f o r m  ( B u r e a u  of Reclamation,  1959; P a r a .  116 .6 .  k). 
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d e s e r t  valleys in Nevada. 
Alternative approach--supplemental  concept. A possible 
alternative method f o r  the determination of a benefit-quantity curve 
can be developed when the water  added by conjunctive operation i s  
supplemental to the normal  (usually surface wa te r )  supply. This 
concept was i l lustrated by L .  M. Hartman (1963), using an  i r r igated 
a r e a  along the Arkansas  River a s  a n  example.  With an  irrigation leve l  
established on the bas i s  of the mean annual flow f r o m  1940-1961, 
water  deficiencies resulted during eight of the twenty-two years .  The 
value of the supplemental supply, then, was  the value of the c rops  that  
should have been produced during those eight yea r s  of deficiency but 
w e r e  not. Since deficiencies cannot be predicted with a high degree of 
accuracy,  l a rge  amounts of irr igation water  a r e  often expended during 
the ea r ly  pa r t  of a season on acreage  which i s  not destined to produce 
after deficiencies occur .  A supplemental i r r igat ion supply for  these 
situations would have extremely high value. 
Domenico, Schulke, and Maxey (1966) have reported on an 
investigation of physical and economic aspects  of conjunctive use in 
a basin in Nevada, and have utilized this supplemental concept in 
estimating benefits. They s ta te ,  
F o r  y e a r s  character ized by normal  streamflow, it is  
profitable to  consider the cos t  of supplemental water a s  
a n  ' insurance '  p remium that i s  due and payable each and 
every  year .  (Domenico, Schulke, and Maxey, 1966, 
P. 3 2 )  
The u s e  of this method of valuation of benefi ts  of supplementa l  w a t e r  
i s  r e la t ive ly  s imple  if s t r eamf low r e c o r d s  a r e  available.  The benef i t s  
a c c r u i n g  to  i r r iga ted  a g r i c u l t u r e  m a y  be read i ly  de te rmined  ( s ince  the 
f a r m s  a r e  present ly  i n  opera t ion and no changes in use  p a t t e r n s  a r e  
envisioned),  the  d e c r e a s e  in c r o p  production due to s t r eamf low 
def ic ienc ies  m a y  be obtained f r o m  h i s t o r i c a l  da ta ,  and the f requency  
and magnitude of expected def ic iencies  m a y  be calculated b y  s t a t i s t i c a l  
me thods .  
The high benefi ts  acc ru ing  t o  a supplementa l  i r r iga t ion  supply 
m a y  appear  to contradic t  the law of diminishing r e t u r n s ,  but i t  m u s t  
be  r e m e m b e r e d  that  t h e r e  does  ex i s t  a somewhat f i r m  m i n i m u m  w a t e r  
r e q u i r e m e n t  f o r  plant growth.  Also ,  these  benefits of planned 
conjunctive u s e  a r e  those due to  s t o r a g e  a s p e c t s ;  "safe yield" ground 
w a t e r  used to i r r i g a t e  new a r e a s  m u s t  be valued in the s a m e  m a n n e r  
as the b a s e  (usually s u r f a c e  w a t e r )  supply. 
In i t ia l  e s t ima t ion  of ground 
w a t e r  ex t rac t ion  c o s t s  
R e f e r r i n g t o  the flow c h a r t  in  F i g u r e  2 ,  the next t a sk  to  be  
accompl ished a f t e r  the de te rmina t ion  of the  b e n e f i t l q ~ a n t i t ~  c u r v e  i s  
a  p r e l i m i n a r y  es t ima te  of the c o s t s  of utilizing the ground w a t e r  supply. 
The object ive of the t a sk  i s  to obta in  rough cos t lquant i ty  d a t a  which,  
in  conjunction with benef i t lquant i ty  data ,  wil l  provide the b a s i s  fo r  a  
dec i s ion  on whether to continue the  investigation. F o r  example ,  i f  
.~ . 
the benefi t lquanti ty curve  shows that the m a x i m u m  benefi t  level  i s  
$20/acre-foot ,  but the m i n i m u m  ground w a t e r  ex t rac t ion  c o s t s  would 
probably be $25 /ac re - foo t ,  the feasibi l i ty s tudy m a y  be terminated at 
that  point. 
The two p a r a m e t e r s  r equ i red  in this  task  a r e  we l l  const ruct ion 
c o s t s  and pumping c o s t s .  Since a high level  of a c c u r a c y  i s  not  r equ i red ,  
h i s to r i ca l  da ta  on we l l s  a l r e a d y  operat ing in c e r t a i n  por t ions  of the 
a r e a  could be p r e s u m e d  t o  be  re leven t  e l sewhere  in the basin.  When 
no such data exis t ,  approx imate  depth to ground w a t e r  should be 
de te rmined ,  and c o s t  d a t a  f r o m  surrounding a r e a s  m a y  be  adjusted to 
provide the n e c e s s a r y  informat ion.  (Means f o r  de te rmin ing  depth to 
ground w a t e r  wi l l  be  d i s c u s s e d  in a l a t e r  sect ion.  ) 
Geologic and hydrologic invest igat ions 
A t  th is  point  in the study,  legal  feasibi l i ty and economic potential  
of planned conjunctive use  have been demons t ra ted .  The p rob lem of 
determining physica l ,  o r  hydrologic,  feasibi l i ty r e m a i n s .  Again 
r e f e r r i n g  to the flow c h a r t  in F i g u r e  2 ,  it is evident  t h a t  the conduct 
of th is  phase  i s  dependent  on the  findings of the l e g a l  inves t iga t~on .  
E a c h  a l t e rna te  path r e p r e s e n t s  a  d i f ferent  m e a n s  of obtaining w a t e r ;  
(1)  f r o m  the ground w a t e r  supply i t se l f ,  and (2)  f r o m  planned utilization 
of the s t o r a g e  capabilities of the aqu i fe r ,  
Determinat ion of sa fe  yield. Safe yield of a n  aqu i fe r  h a s  been 
conc i se ly  defined a s ,  " . . . the amount  of w a t e r  which c a n  be  
withdrawn f r o m  (the ground water  basin) without producing an undesired 
resu l t .  " (Todd, 1959, p. 200). However, this definition is  not 
universally accepted.  Mann (1963) reviews many of the existing 
definitions, and concludes that safe yield i s  a function of the assumptions 
made in par t icular  studies.  Kazmann (1956) questions the validity of 
basic concepts, and cites the variability of safe yield for  par t icular  
basins  under changing conditions. Although there  does appear to be 
confusion and disagreement  concerning p rec i se  definitions, the pract i -  
c a l  necessi ty  for  evaluating safe yield (or  sustained o r  perennial yield) 
remains .  The review of conflicting opinions s e r v e s  mere ly  to impres s  
upon the engineer the need for  caution in the application of safe yield 
values. 
The determination of safe yield should begin with the formulation 
of the equation of hydrologic equilibrium f o r  the basin;  this i s  a l ist ing 
of a l l  the inflows and outflows of water .  This hydrologic budget 
approach to safe  yield is  discussed a t  length by the ASCE Commi.ttee 
on Ground Water (1961). Figure  6 indicates the hydrologic factors  
involved. Safe yield would be represented by the average annual 
pumping r a t e  that could be maintained without causing a permanent 
dec rease  in the water  level of the ground water  r e se rvo i r .  Referr ing 
to Figure  6, safe yield m a y  be increased by reducing the outflows 
f r o m  the r e se rvo i r ;  i. e . ,  evapotranspiration, base  flow, and sub- 
surface outflow. Safe yield may  a l so  be increased by increasing the 

inflows; Mann (1963) emphasized the point that  r e tu rn  flows f r o m  
irrigation,  which allow recirculat ion of water ,  should be included in 
the safe yield analysis .  
A significant increase  in the effective ground wa te r  supply in 
a r e a s  of high water  table m a y  be attained by the reduction of 
evapotranspiration l o s s e s .  These losses  a r e  in l a r g e  p a r t  due to  
phreatophytes, o r  vegetation with root s t ruc tures  especially suited to 
obtain water  f r o m  rela t ively deep levels. The Select  Committee on 
National Water Resources  (1 960) has estimated phreatophytic l o s se s  
in the five southwestern s ta tes  (California, Arizona, Nevada, New 
Mexico, and Utah) a t  10 - 12 mill ion ac re - f ee t fyea r .  Although 
eradication of phreatophytes by destructive means h a s  been proposed 
and occasionally attempted, the mos t  effective method of reducing 
these l o s se s  i s  through pumping and utilization of the ground water ;  
by lowering the water  table, increasing percentages of the use less  
vegetation a r e  unable to  tap the ground water  supply. 
F o r  purposes of p re l iminary  es t imates  of safe yield, savings 
due to  evapotranspiration reduction may  be approximated by the 
following procedure.  F i r s t  es t imate  the present  evapotranspiration 
by multiplying the phreatophytic a r e a  involved by a consumptive use 
factor ;  publications by Young and Blaney (1942) and Muckel (1966) will 
be helpful in determining the appropriate factors .  Then assume a 
maximum depth of root penetration for  the species of phreatophytes.  
Finally, a s sume  that  the quantity of water  t ransp i red  is directly 
proportional to the depth of water ;  water savings can then be calculated 
for  any desired change in water  level.  Muckel (1966, p.  29) indicates 
that the relationship between evapotranspiration and water  level is  
actually convex towards the origin, hence the assumption of l inear i ty  
should be conservative.  
Safe yield i s  a l so  influenced strongly by the efficiency of 
i r r igat ion prac t ices .  Gravity sys tems  in par t icular  can lose large 
percentages of i r r igat ion water  to the underlying aquifer through deep 
percolation. Jensen  (1967) discusses  the subject  of irr igation 
efficiency at  length, and indicates that deep p e r c o l a t ~ o n  losses  
amounting to 30% of the water  delivered t o  the f a r m  a r e  not uncommon. 
Conveyance l o s s e s  in unlined canals may  a l so  approach 'chis figure; a 
l a rge  percentage of this water  s e rves  to recharge  the aquifer.  
Separation of i r r igat ion l o s s e s  into evapotranspiration and deep 
percolation is  feasible (Willardson and Pope, 1963) but would probably 
be uneconomic for  use in a feasibility study. When possible,  
i r r igat ion efficiency data f rom s imi la r  p ro jec t s  and a r e a s  should be 
used to approximate aquifer recharge.  The Bureau of Reclamation 
(1965) has compiled data concerning distribution l o s s e s  on all BuRec 
projects .  Careful transposit ion of data selected f r o m  this l i s t  should 
resu l t  in usable es t imates  for the d e s ~ g n  a r e a .  
Several  methods exist  for  the indirect  determination of safe yield 
of well-developed basins  (Todd, 1959), but for  a virgin basin, 
prac t ica l  methods a r e  few, and attainable accuracy i s  low (Char les ,  
1946). This is  due to lack of data and the difficulty of es t imat ing 
some of the major  inflow-outflow components; e. g . ,  subsurface inflow 
and outflow, and recharge  f r o m  o r  discharge to streamflow. Todd 
(1959) descr ibes  two methods which may  be applicable to cer ta in  
undeveloped basins .  The f i r s t  i s  based on Darcy's  law, and r equ i r e s  
knowledge of the average hydraulic gradient,  aquifer permeabili ty,  
and cross-sect ional  a r e a  a t  the outflow sect ionof  theaqui fe r .  The 
second method i s  based on the assumption that annual recharge  to  the 
ground water  basin i s  equal to the product of the annual r i s e  in water  
table ,  the a r e a  of the aquifer,  and the specific yield. Kazmann (1946) 
desc r ibes  the use of both these methods in relation to a study of the 
Miami  River Valley in Ohio. Mundorff, Broom, and Kilburn (1963) 
used the fo rmer  method for  the de t e rm~na t ion  of perennial yield in the 
Lit t le Los t  River basin of Idaho. 
In specific situations, the method of estimating safe yield will  
be largely dependent on the nature  of the basin and the types of data 
that  a r e  available. Excluding mining of the resource ,  withdrawal of 
wa te r  f r o m  a ground water  basin  i s  normally effected by the reduction 
of some outflow component. This indicates that the mos t  d i r ec t  
approach to estimating safe yield would be to estimate the l a rges t  
potentially capturable outflows. F o r  example, if subsurface outflow 
w e r e  considered the ma jo r  contributor to potential safe yield, the 
method based on Darcy 's  Law would be indicated. If the neces sa ry  
data were  not available, the alternatives would be to obtain the 
I 
I 
r equired data,  o r  to use  an  alternative method, such a s  a hydrologic 
budget. 
I 
I Determination of capturable runoff. The second means  of 
I 
! obtaining additional water  through planned conjunctive use i s  through 
I 
I the capture and s torage of cyclical ( ra ther  than seasonal)  runoff; this 
I 
i s  applicable only to unconfined aquifers.  The quantity of water  
I 
obtainable in this manner  i s  l imited by: (1) the amount of runoff 
appropriable and physically available,  (2)  the infiltration capacity and 
s i ze  of art if icial  recharging facil i t ies (to be discussed in a l a t e r  
section),  and (3 )  the s torage capacity of the aquifer. 
The amount of available runoff is  determined f r o m  the initial 
legal  investigation plus a n  analysis  of streamflow records .  Usually, 
appropriabil i ty i s  given in t e r m s  of that quantity present ly  
appropriated; this will give a f igure of s t r e a m  discharge above which 
flow may  be legally captured.  The probability of occurrence of flows 
above this value m a y  be determined by statist ical  methods (Beard,  
1962); the accuracy of these es t imates  is  proportional to the length 
of the streamflow record .  Accuracy may be increased by the synthetic 
generation of records ,  but it  i s  doubtful that this procedure would be 
employed during a feasibil i ty study. 
The s torage capacity of a ground water  basin  is  determined 
through a geological investigation. Simply, the s torage capacity is  
the g r o s s  volume of the saturable  rock multiplied by the specific yield. 
Davis and Dewiest  (1966) and Madson and Jensen (1963) discuss  the 
determination of ground water  basin boundaries by geological, 
geophysical, and physical means.  Even for  p re l iminary  surveys,  
it  is  essent ia l  that  c o r e s  o r  cuttings f r o m  one o r  m o r e  t e s t  holes be 
available f o r  es t imat ion of specific yield. Where wells a l ready  exist  
in the a r e a ,  d r i l l e r ' s  logs can be reviewed to provide this information. 
Mor r i s  and Johnson (1967) l i s t  hydrologic proper t ies  of selected rock 
and soil ma te r i a l s  which might be used when no other data is  
available. 
The a r e a l  extent of the ground water  basin and t ransmissibi l i ty  
(or  hydraulic conductivity) of the aquifer affect a re la ted aspect  of 
the s torage potential of the basin. If the basin is smal l  and 
t ransmissibi l i ty  is  high, runoff during a season of exceptionally high 
precipitation m a y  well leave the basin within the next few seasons.  
Though s torage capacity m a y  be relatively g rea t  in  this instance; the 
water  captured cannot be utilized quickly enough. Hence 
t ransmissibi l i ty  i s  an  additional parameter  which should be estimated; 
this is  generally accomplished with well tes ts  (Bentall,  1963; 
Dewiest ,  1965). 
Estimation of attainable 
g r o s s  benefits 
The hydrologic and geologic phase of the feasibility study has  
now defined the quantity of additional water  that could be made 
available by utilizing the safe yield and lo r  s torage capacity of the 
aquifer.  The ea r l i e r  economic phase of the study yielded a benefit /  
quantity curve that indicated the economic value of any par t icular  
quantity of additional water  supplied to the a r ea .  The maximum 
attainable g r o s s  benefits can be obtained by entering the amount of 
hydrologically available water  on the benefitlquantity curve,  and 
reading the value of the ordinate.  
Cost analysis  
The remaining tasks  in the feasibil i ty study a r e  the estimation 
of cost  savings possible with changes in the distribution sys t em 
(assuming no new water  is  appropriable) ,  and the estimation of costs  
of supplying additional water  (when legally and hydrologically feasible) .  
Determination of existing distribution costs .  The objective of 
this task i s  to define the capital and 0 & M (operating and maintenance) 
costs  of supplying various expected levels  of water  demand with the 
existing distribution sys tem.  When these cos t s  differ significantly 
within the region (as  caused by differences in  topography and distance 
f r o m  the source  of supply), it  i s  neces sa ry  to subclassify the costs  
into those applicable to  the different a r e a s .  This task may  be 
accomplished by the analysis  of historical  cost  data, and will provide 
a base  against  which to  compare the costs of supplying selected 
portions of the region with pumped water.  
Determination of recharge  capabilities and cos t s ,  It was  
previously noted that the  achievement of distribution economies by 
planned conjunctive use  might  be possible even in the event that no 
additional water was  appropriable .  This would require  that water  
pumped f r o m  the ground water  basin  be replaced with locally-supplied 
surface water  o r  importations,  and indicates the necessi ty  for  
evaluating the costs  of a r t i f i c ia l  recharge.  This t ransfer  o r  exchange 
situation exis ts  in s eve ra l  l a rge  ground water  basins  in California, 
and has prompted much economic and hydrologic r e s e a r c h  (Todd, 
1965; Richter and Chun, 1959; Skinner, 1966). 
While pumping f r o m  ground water is  largely l imited by the 
quantity of water  available and the depth to the saturated aquifer ,  
ar t i f ic ia l  recharge  is  constrained by the infiltration and percolation 
r a t e s  of the ma te r i a l  overlying the aquifer. This r e s t r a in t  i s  
effectively economic, s ince l a r g e r  recharge a r e a  can compensate 
for  lower infiltration r a t e s .  F o r  this reason, it i s  m o r e  meaningful 
t o  combine the studies of recharge  capabilities and recharge  costs .  
There  a r e  numerous methods of art if icial  recharge ;  these have 
been succinctly described by Todd (1959). F o r  use in agr icul tural  
a r e a s ,  the mos t  promising would be: (1) the flooding method, in 
which water  i s  diverted over relatively f la t  land, ( 2 )  the basin method, 
in which shallow basins a r e  constructed and filled with water ,  and 
(3) natural  channel method, in which check dams a r e  built on the 
s t r e a m  to spread flow over a l a r g e r  a r e a ,  and thus utilize the natural  
infiltration capacity of the s t r e a m  bed. Artif icial  recharge by flooding 
m a y  be accomplished a t  a minimum cost  in an  i r r igated a r e a  by 
off-season o r  over- i r r igat ion.  
In o rde r  to determine quantity of water  delivered to the aquifer, 
and thus measu re  cost  effectiveness, it i s  neces sa ry  to measu re  o r  
es t imate  infiltration r a t e s .  Unfortunately, infiltration ra tes  
determined in conjunction with precipitation s tudies  a r e  of limited 
value; when a soil  surface is  inundated, infiltration dec reases  m o r e  
sharply with t ime due to increased clogging of the soil pores .  If 
existing infiltration data related to the a r e a  in question a r e  not 
sufficient for  a reasonable es t imate  of infiltration r a t e ,  a relatively 
inexpensive t e s t  of recharge  capacity mlght be conducted by flooding 
a smal l  a r e a  and measuring infiltration over t ime .  
Todd (1965) l i s t s  infiltration ra tes ,  0 & M cos ts ,  and total cos t s  
of selected ar t i f ic ia l  recharge  projects  in California.  0 & M costs,  
which va ry  f r o m  $1.33 to $17.63 p e r  acre-foot ,  a r e  more  meaningful 
than total cos t s ,  which include cost  of land. A study of these projects  
might  revea l  s imi la r i t i es  to a proposed project  which would allow 
transposit ion of some cos t  components. 
Refinement of dri l l ing and pumping costs .  At this stage of the 
feasibil i ty study, geologic and hydrologic data should be available in 
quanti t ies sufficient to refine the initial es t imates  of ground water  
extraction costs .  Measured and /o r  estimated water table elevations. 
hydraulic conductivity, and subsurface geologic proper t ies  will  
p e r m i t  the estimation of well construction costs ,  probable yields,  
and power consumption for  pumping. As with surface distribution 
sys t ems ,  different cos t s  m a y  prevai l  over different a r e a s  of the basin. 
Estimation of distribution economies. After existing distribution 
costs ,  probable ground wa te r  extraction cos t s ,  and probable recharge  
costs  have been determined, an  es t imate  of the feasible distr ibution 
economies m a y  be made. This task  would consist  of ve ry  pre l iminary  
design of alternative distribution sys tems  a t  various his tor ic  levels  
of supply, calculation of total cos t  of the alternatives,  and 
comparison with the existing sys t em cost. 
Determination of cost/quantity curve.  Returning to the flow 
cha r t  (Figure  2 ) ,  i t  i s  seen  that completion of the alternative path of 
additional water  available requi res  the construction of a cost/quanti ty 
curve.  It has been previously determined that additional water  i s  
available f r o m  the safe yield of the aquifer and/or  the capture of 
unappropriated flood runoff. During this task,  al ternative projects  
for  obtaining and distributing this water  mus t  be formulated (in a n  
approximate manner )  and priced.  Possible cost  reductions due to 
di rec t  o r  indirect  subsidies  o r  other political factors  should a l so  be 
considered and included in the final cost curve. 
Generally accepted procedures  for p re l iminary  engineering 
design may be used a t  th is  point, and require  l i t t le elaboration. 
During this design phase,  it  should be remembered  that  the objective 
i s  to determine the cos t s  of utilization of various quanti t ies of the 
additional water .  It i s  not neces sa ry  or desirable  to refine the 
designs to any g rea t  degree ,  since this work would be included in a 
future detailed planning effort. The alternatives examined need not 
necessar i ly  include the bes t  or  optimum design. What i s  important 
is  that a n  adverse  decision concerning conjunctive use feasibil i ty 
should not be reached m e r e l y  because an efficient design was  over -  
looked. 
Final decision 
The final  decis ion m a y  be made on the bas i s  of net  benefits. 
These a r e  represented by the es t imate  of attainable distribution 
economies and/or  a comparison of the cost  quantity curve to the 
benefit/quantity curve (limited by the maximum attainable gross  
benefits). Figure  7 shows how the net  benefits would be estimated 
f r o m  such a comparison. Reiterating, the objective of the 
feasibil i ty study i s  to a s s e s s  the probable worth of planned 
conjunctive use in a par t icu la r  a r e a  with specific legal,  hydrologic, 
and economic constra ints .  The final decision, which m a y  be 
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EXTENSION O F  THE INITLAL STUDY 
Systems analysis  approach 
The feasibility study i s  an initial,  expedient s tep  in the more  
inclusive sys tems  analysis  p rocess .  This total p r o c e s s  m a y  be 
viewed a s  a methodical  scientific approach to formulating the best  
possible means  of dealing with a given problem. The applicability of 
the sys tems  approach to  water  r e sou rces  planning and management 
can be i l lustrated by a m o r e  complete definition of sys tems  analysis 
. . . a method of analysis  which considers  a l l  the possible 
var iables  simultaneously, because the dependencies and 
interrelationships among the variables a r e  such that the 
combination of maximum utility cannot be reached by 
maximizing the value of each variable independently. 
(Bower, 1965, p. 36) 
The growing importance of multiple-purpose and multiple-unit  
projects ,  and integrated r ive r  basin  planning, has introduced 
economic and physical complexities into water  r e sou rce  sys tem design 
which cannot be handled adequately by the m o r e  conventional methods. 
While applications of ful l -scale  systems analyses a r e  present ly  
res t r ic ted to  regional planning, the smal l  agency should be aware of 
the basic  concepts and potentialities. 
The use of sys tems  analysis requi res  that the pro jec t  be viewed 
in t e r m s  of relationships to  the existing environment. -Maass e t  a l .  
(1962) have divided the process  into four steps involving the 
identification of objectives, translation of objectives into design 
c r i t e r i a ,  design of alternative plans that satisfy the c r i te r ia ,  and 
evaluation of the consequences of the plans. To these tasks  may  be 
added that of formulation of the physical, economic, legal, social ,  
institutional, and financial constraints under whlch the system m u s t  
operate ,  although Maass  emphasizes the danger of rigid acceptance 
of constraints without determination of the economic consequences. 
Reviewing the feasibil i ty study in t e r m s  of sys tems  analysis,  it  can 
be seen that the prel iminary objective was  to  prove the existence of 
attainable net  benefits, the design cr i ter ion chosen was the value of 
d i r ec t  i r r igat ion benefits minus monetary cos t s ,  and the constraints 
w e r e  legal and hydrologic.. When feasibil i ty has  been demonstrated,  
the analysis  of the system may  continue, culminating in the selection 
of an  optimum plan. 
The pract ical  application of sys tems  analysis  to complex wa te r  
r e sou rce  problems has  be come feasible through the development of 
operations r e s e a r c h  techniques and high-speed computers.  Chow 
(1964, Section 26-11) p resen ts  a concise summary  of these techniques. 
Two ma in  categories  a r e  represented;  (1)  analysis  by simulation, in  
which the water  resource  sys tem is modeled on the computer,  and 
the response  of the system to var ious  hydrologic, economic, or  other 
inputs i s  observed, and ( 2 )  analysis  by  mathematical  models,  which 
r equ i r e s  somewhat more  simplified sys tem simulation, but in which 
the  op t imum design m a y  b e  de te rmined  di rec t ly .  Detai led information 
on t h e s e  p r o c e d u r e s  m a y  be  obtained f r o m  the w o r k  of M a a s s  e t  a l .  
(1962) and in l i t e r a t u r e  r e f e r e n c e d  by Chow (1964, p. 26-44) .  M o r e  
r e c e n t  information on the subject  i s  contained in publicat ions by 
Crawford and L ins ley  (1966), Dracup (1966), Eshe t t  and Bit t inger 
(1965), Hal ter  and Mi l l e r  (1966), Riley, Chadwick, and Bagley (1966), 
and Tyson and Weber  (1964). 
L i n e a r  p rogramming  
Genera l .  One opera t ions  r e s e a r c h  approach that  a p p e a r s  t o  
hold considerable  p r o m i s e  f o r  the des ign of conjunctive u s e  s y s t e m s  
i s  l i n e a r  p r o g r a m m i n g .  L i n e a r  p rogramming  i s  concerned with the 
a l locat ion of s c a r c e  (o r  economical ly  valuable) r e s o u r c e s ,  among  
a l t e rna t ive  ends subject  to  va r lous  const ra in ts .  The p r o c e d u r e  i s  
designed to  m a x i m i z e  o r  m i n i m i z e  some previously-defined object ive 
function. The conjunctive u s e  p r o b l e m  i s  amenable  to  a l i n e a r  
p r o g r a m m i n g  approach ,  s ince  i t  cons i s t s  of al locating w a t e r  ( a  
s c a r c e  r e s o u r c e )  f r o m  a l t e rna t ive  s o u r c e s  to  a l t e rna t ive  u s e s ,  
subject  to l e g a l ,  economic ,  hydrologic,  and other  c o n s t r a i n t s ,  in 
o r d e r  to m a x i m m e  ne t  benef i t s  (o r  other s i m i l a r  object ive  function). 
The mechan ics  of solving the l inea r  p r o g r a m m i n g  p r o b l e m  a r e  
complex ( s e e  G a s s ,  1958; o r  Hadley,  1962), but  s t andard lzed  
compute r  p r o g r a m s  wi l l  p e r m i t  l i n e a r  p rogramming  to be used by 
m a n y  of m o r e  capable s m a l l  w a t e r  management  agenc ies .  M o r e o v e r ,  
benef i t  c a n  be de r ived  through a  knowledge of the potent ial  of the 
method and p r o c e d u r e s  f o r  se t t ing  up the p r o b l e m  and using the 
r e s u l t s ,  s i n c e  these  t a s k s  can b e s t  be  handled by the p e r s o n s  m o s t  
d i r e c t l y  involved wi th  the w a t e r  m a n a g e m e n t  p r o b l e m .  
The  appl ica t ion  of l i n e a r  p r o g r a m m i n g  t o  a  conjunctive u s e  
p r o b l e m  r e q u i r e s  the  accompl i shment  of t h r e e  m a i n  t a s k s .  F i r s t ,  a  
s c h e m a t i c  m o d e l  of the s y s t e m  should b e  developed t o  a s s i s t  in 
v isua l iza t ion  of the  in t e r re l a t ionsh ips  be tween p a r a m e t e r s .  Secondly, 
the objec t ive  funct ion m u s t  b e  fo rmula ted ;  th i s  spec i f i e s  the  quanti ty 
to be  max imized  o r  min imized  (e.  g . ,  net  bene f i t s )  and  the effect  of 
e a c h  p a r a m e t e r  on th is  quanti ty (e .  g. , e a c h  uni t  of i r r i g a t i o n  
p r o d u c e s  z d o l l a r s  of bene f i t s ) .  L a s t ,  the  c o n s t r a i n t s  m u s t  b e  
developed t o  de l inea te  boundar i e s  of the a r e a  of f e a s i b l e  so lu t ions  t o  
the p r o b l e m .  
C r e a t i o n  of the  mode l .  When the f e a s i b i l i t y  s tudy h a s  been  
conducted a c c o r d i n g  to the proposed p r o c e d u r e ,  a p r e l i m i n a r y  mode l  
of the ground w a t e r  s y s t e m  wi l l  have  b e e n  developed f o r  the 
de te rmina t ion  of s a f e  yield ( F i g u r e  6 ) ;  t h i s  could be  expanded to 
include a l l  the o t h e r  p a r a m e t e r s  pe r t inen t  t o  the hydrologic  s y s t e m .  
G e n e r a l  c o n s i d e r a t i o n s  in  cons t ruc t ion  of the  m o d e l  a r e  the  d e g r e e  
of hydrologic  s imula t ion ,  inclusion of p r o p e r  phys ica l  f e a t u r e s ,  and 
dec i s ions  a s  to the  n u m b e r  of t ime  p e r i o d s  which  should be  used .  
F i g u r e  8 i l l u s t r a t e s  a  d e t e r m i n i s t i c  hydrologic  m o d e l  developed 
f o r  a  hypothet ica l  s t r e a m - a q u i f e r  bas in  in which  i r r i g a t i o n  i s  the 
SFIN - s t r e a m f l o w  in 
SFOUT - s t r e a m f l o w  out 
SSTOR - s t o r a g e  
NATRE - n a t u r a l  r e c h a r g e  
P U E X P  ETG 
- e v a p o t r a n s p i r a t i o n  
A R T R E  - a r t i f i c i a l  r e c h a r g e  
C F - cana l  flow 
IR R  - i r r i g a t i o n  
IRRRE - r e c h a r g e  f r o m  i r r i g a t i o n  
I R R R F  - i r r i g a t i o n  r e t u r n  flow 
DSRE - r e c h a r g e  f r o m  d i s t r i -  
bution s y s t e m  
BSFLO - b a s e  flow 
G W  - ground w a t e r  s t o r a g e  
P E R C  - percola t ion  
PUIR - pumping f o r  i r r i g a t i o n  
P U E X P  - pumping f o r  e x p o r t  
F i g u r e  8 .  Hydrologic m o d e l .  
only bene f i c i a l  use .  ( T h i s  m o d e l  w a s  c r e a t e d  in p a r t  by the w r i t e r  
d u r i n g  the ini t ial  phase  of a  conjunct ive u s e  p ro jec t  a t  the Utah  W a t e r  
R e s e a r c h  L a b o r a t o r y .  ) I m p o r t a n t  opera t ional  f e a t u r e s  of the m o d e l  
include the following: (1)  i r r i g a t i o n  w a t e r  can  be obtained through 
c a n a l  flow f r o m  the r e s e r v o i r  o r  pumping f r o m  ground w a t e r ;  
( 2 )  ground w a t e r  r e c h a r g e  i s  c o m p r i s e d  of in t e rbas in  s u b s u r f a c e  flow 
and  prec ip i ta t ion ,  s eepage  f r o m  cana l  flow and i r r iga t ion ,  and 
a r t i f i c i a l  r e c h a r g e ;  ( 3 )  s t r e a m f l o w  out of t h e  bas in  c o n s i s t s  of 
runoff f r o m  i r r iga t ion ,  baseflow f r o m  the  ground w a t e r ,  and s u r f a c e  
inflow not held in s t o r a g e .  The  m o d e l  could be  expanded by  the  
addi t ion  of o the r  bene f i c i a l  u s e s  ( e .  g.  mun ic ipa l  and i n d u s t r i a l ) ,  
addi t ional  r e s e r v o i r s ,  o r  addi t ional  hydraul ica l ly  unconnected 
a q u i f e r s .  
The  t i m e  per iod  chosen  f o r  th i s  p a r t i c u l a r  mode l  w a s  one y e a r  
cons i s t ing  of a  we t  s e a s o n  and a  d r y  s e a s o n .  Using two s e a s o n s  
ef fec t ive ly  doubles the n u m b e r  of v a r i a b l e s  in the a n a l y s i s ,  s i n c e  
w e t  s e a s o n  va lues  a r e  independent  of the d r y  s e a s o n  va lues  (except  
through the c o n s t r a i n t  equat ions) .  The  inclusion of addit ional  t i m e  
p e r i o d s  in the opt imiza t ion  would have  a  s i m i l a r  mult iplying e f fec t .  
Object ive function. The  object ive function m a y  be  c o n s t r u c t e d  
a f t e r  a n  a p p r o p r i a t e  object ive h a s  been  a s s u m e d  and a f t e r  a l l  the 
p a r a m e t e r s  affect ing t h i s  objec t ive  have b e e n  defined (usual ly  in the  
m o d e l ) .  F o r  the p r o b l e m  of conjunct ive u s e ,  a  valid objec t ive  i s  
the  maximizat ion of ne t  benef i t s ;  th i s  m a y  be e x p r e s s e d  a s  the  
summat ion  of "benefit" v a r i a b l e s  t i m e s  the i r  r e spec t ive  unit  va lues ,  
m i n u s  the summat ion of "cost"  va r iab les  t i m e s  the i r  r e s p e c t i v e  unit 
cos t s .  This  object ive function would be wri t ten  
F o r  example ,  in the m o d e l  ( F i g u r e  8 )  canal  flow i s  a  c o s t  i t e m  
having a fixed p r ice  f o r  e a c h  a c r e - f o o t  del ivered;  w a t e r  de l ive red  fo r  
i r r iga t ion  i s  a  benefi t  i t e m  having a fixed r e t u r n  f o r  e a c h  a c r e - f o o t  
used.  
One r a t h e r  annoying l imi ta t ion  of l inea r  p r o g r a m m i n g  can  be 
a s c e r t a i n e d  f r o m  a n  inspection of the required  f o r m  of the object ive 
function; the total  c o s t  o r  benef i t  due to any p a r a m e t e r  m u s t  v a r y  
l i n e a r l y  with the quanti ty of tha t  p a r a m e t e r .  If th i s  a s sumpt ion  i s  
not  in a g r e e m e n t  with the physica l  situation, modificat ion of the 
m o d e l  m a y  be requ i red .  F o r  ins tance ,  ground w a t e r  pumping c o s t s  
a r e  not only propor t ional  to the quanti ty of w a t e r  pumped,  but  a r e  
a l s o  d i rec t ly  re la ted  t o  the pumping l i f t ;  the cos t  of pumping a n  
a c r e - f o o t  of w a t e r  f r o m  a fifty-foot depth is  cons ide rab ly  l e s s  than 
that  of pumping a s i m i l a r  quanti ty f r o m  a hundred-foot  depth.  The 
impac t  of the l inea r i ty  r e q u i r e m e n t  c a n  be  reduced b y  dividing the 
p a r a m e t e r  in ques t ion into i n c r e m e n t s ,  and placing va lues  on each 
increment .  Th i s  w a s  done on the ground w a t e r  s t o r a g e  component 
(GW), of the mode l ,  w h e r e  a second lower l e v e l  w a s  assoc ia ted  with 
a h igher  pumping cos t .  Dorfman (Maass  and o t h e r s ,  1962,  p. 501) 
p r e s e n t s  o the r  m o r e  complex methods  of deal ing with non- l inear i t ies .  
The p r ~ n c i p a l  ef for t  in the const ruct ion of the object ive function 
wi l l  usually be  r e l a t e d  to da ta  collection. E a c h  p a r a m e t e r  in the 
objective functlon m u s t  be  ass igned a unit va lue  o r  c o s t ,  which 
hopefully can  be  based on h i s to r i ca l  economic data.  In some c a s e s  
value o r  cos t  m a y  be  difficult o r  imposs ible  to  obtain object ively 
(e.  g . ,  value of w a t e r  in ground w a t e r  s to rage) ,  and assumpt ions  m u s t  
be made.  For tuna te ly ,  m u c h  of the economic informat ion collected 
e a r l i e r  during the feas ib i l i ty  study should be d i r e c t l y  applicable.  
C o n s t r a ~ n t s .  The th i rd  requ i rement  of the l i n e a r  p rogramming  
method i s  a  s e t  of cons t ra in t s ;  these  m a y  be  i n  the  f o r m  of equations 
o r  inequali t ies .  Each  cons t ra in t  l i m i t s  the p e r m i s s i b l e  values  of 
c e r t a i n  v a r i a b l e s  and thus indi rec t ly  p laces  a boundary  on the 
composit ion of f eas ib le  solut ions.  Obviously, e a c h  non-redundant  
const ra in t  added to the s y s t e m  r e d u c e s  the range  of the  s e t  over  
which feas ib le  solut ions can  be found. 
In the conjunctive u s e  p rob lem,  m o s t  of the  c o n s t r a i n t s  will  
be in the f o r m  of hydrologic continuity equations. F o r  ins tance ,  the 
f i r s t  ground w a t e r  l e v e l  (GWI) can  be isolated a s  a f r e e  body, and 
the cons t ra in t  would c o n s i s t  of equating the inputs to the outputs. 
Lega l  cons t ra in t s  m i g h t  a l s o  be introduced in  the f o r m  of inequali t ies  
limiting pumping and/or  streamflow out to values l e s s  than a specified 
amount. Considerable ca re  should be exercised in the construction of 
constra ints  to insure that the model adequately represen ts  the physical  
situation. 
The same  limitation applying to the objective function applies 
to the constra int  equations or  inequalities; they m u s t  be l inear .  This  
introduces problems when attempting to develop hydrologic relation- 
ships to  reduce the number of var iables ,  such a s  defining base flow 
o r  subsurface outflow in t e r m s  of ground wa te r  in storage.  Per ta ining 
to this relationship,  Darcy 's  law s ta tes  that  the ground water  
discharge i s  proportional to the product of: (1)  the hydraulic 
conductivity, (2)  the a r e a  of flow (which i s  roughly proportional to 
the quantity of water  in s torage) ,  and ( 3 )  the slope of the hydraulic 
gradient (which i s  a l so  roughly proportional to the quantity of water  
in s torage) .  Thus subsurface outflow could be bet ter  approximated 
by a quadratic relationship, but this f o r m  i s  unacceptable in l inear  
programming.  Some problems of this type can be handled by 
incremental  methods a s  indicated in the preceding discussion on the 
objective function. In other ca ses  it may be neces sa ry  to assume 
l inear  relationships even though they a r e  known to be unrealist ic,  
and then a s s e s s  the impact of these assumptions when the resu l t s  of 
the optimization have been obtained. 
After the objective function and constraints have been formu-  
lated,  a special is t  i s  required to t rans la te  this information into a 
f o r m  compatible with one of the many computer p rograms designed to 
accomplish the l inear  programming task. (Usually such p rog rams  
a r e  wri t ten specifically for  use  with a particular computer . )  
Use of resu l t s .  Although the final objective of the l inear  
programming analysis is to provide specifications for the design 
and /o r  operation of conjunctive use facil i t ies,  the initial r e su l t s  will 
be used to check and ref ine the operation of the model. Careful study 
of the "primal" output, which consis ts  of the maximum (or min imum) 
attainable value of the objective function and the quantity of each 
variable required to produce this value, will often reveal  unreal is t ic  
assumptions o r  omitted o r  inadequate constraints.  This work 
r equ i r e s  close cooperation between individuals well-versed in the 
intr icacies  of l inear  programming,  and those knowledgable of the 
hydrologic and economic fac tors  and processes  relative to the a r e a  
under study. 
When the model i s  operating a s  desired,  all outputs of the 
l i nea r  programming analysis m a y  be used, and the full capabil i t ies 
of the method become apparent.  The pr imal  output p resen ts  values 
of the sys t em pa rame te r s  to be used for  attainment of optimum output 
under the assumed conditions. This  would include such i tems  a s  
quantity of water  which should be supplied through canals (which 
indirect ly  specifies the s ize  of the canal sys tem) ,  quantity of water  to 
be supplied by pumping, and s ize  of the sur face  storage r e se rvo i r .  
The "dual" output p resen ts  the "shadow price"  of the right hand s ide 
of each constraint ,  o r  the value by which the objective function would 
be changed by a one unit change in the right-hand s ide of any constraint. 
F o r  instance, the shadow price  concerning the streamflow into the 
sys t em would represen t  the increase  in benefits that would be 
attained if one additional unit of streamflow were  available. Shadow 
p r i c e s  m a y  also be viewed a s  the marginal value of each resource  in 
the optimal solution. 
The reduced cost  output i s  part icularly valuable in assess ing  
the response of the sys t em to pr ice  changes or  inaccuracies  in 
economic data. This output ass igns to each pa rame te r  not included 
in the optimal solution a value of reduced cost;  this r ep re sen t s  the 
parameter  pr ice  level which would have to exist  for  that  pa rame te r  
to enter the optimal solution. As an example, a s sume  that canal 
flow for the wet season does not enter the optimal solution a t  a p r ice  
of $lolacre-foot .  If the reduced cost  output l isted a value of $6. 50 
for  this pa rame te r ,  this would imply that wet season  canal flow would 
enter into the solution if the cos t  dropped to $6. 50lacre-foot .  
Obviously, in this case ,  a fa i r ly  l a rge  e r r o r  in the original  cost  
es t imate  for  wet season canal flow would have had no ser ious  effect 
on the composition of the optimal solution. 
The "primal range" and "dual range" outputs contain the 
resu l t s  of the sensit ivity analysis .  The f o r m e r  i s  designed to 
indicate the range of p r i ce s ,  for  any parameter  in the optimal 
solution, which m a y  occur  without changing the composition of the 
optimal solution. This data i s  analogous to that of the reduced cost  
output, which is  relevant to pa rame te r s  - not contained in the optimal 
solution. The dual range output presents  the range of values over 
which the right-hand-side elements of the constra ints  m a y  vary  
without producing infeasibility. This would be useful in assess ing  
the optimality of the sys t em with respec t  to possible legal or 
hydrologic changes. 
The preceding brief discussion of the normal  output of a l inear  
programming analysis  should i l lus t ra te  the quantity and diversity of 
information that may  be obtained. It cannot be overemphasized,  
however, that the r e su l t s  of the analysis can be no m o r e  reliable o r  
accurate  than the input data used. 
SUMMARY AND CONCLUSIONS 
Planning conjunctive use of surface and ground water  can 
resu l t  in increased efficiency of water  r e sou rce  utilization in many 
a r e a s .  The value of this management technique has been recognized 
by some of the l a r g e r  water  management agencies ,  but planning 
procedures  have not been formalized or  defined sufficiently to r e su l t  
in widespread understanding and implementation. Since smal le r  
water  agencies a r e  not capable of applying the m o r e  sophisticated 
methods of planning conjunctive use,  simplified methods m u s t  be 
developed if efficiency of water  resource  utilization a t  the lower 
levels  of management i s  to be improved. 
The flow cha r t  presented in this study is  one such tool which 
will a s s i s t  an agency in making the f i r s t  neces sa ry  decision relative 
to planned conjunctive use ,  which i s  the answer  to the question of 
feasibility. The determination of feasibil i ty has  been shown to be 
dependent on the a s se s smen t  of legal,  hydrologic, and economic 
factors .  This  study did not produce any new o r  improved means of 
analyzing o r  a s se s s ing  these fac tors ,  but r a the r  did attempt to 
define required t a sks  and types of information, to indicate present  
acceptable means  for  accomplishing the tasks ,  and to relegate to 
each a place in a n  integrated efficient procedure.  
It i s  the opinion of the wr i t e r  that the major  obstacle to a 
feasibility es t imate  concerning planned conjunctive use l i e s  in the 
a s se s smen t  of economic f ac to r s ,  namely anticipated g r o s s  benefits. 
There  is  a t  p resen t  no t ruly  adequate means of determining the value 
of water  in irr igation,  and this i s  one of the more  easily analyzed 
beneficial uses .  Hopefully, future  r e sea rch  will remedy this 
situation. 
The brief review of the sys tems  analysis  approach and l inear  
programming has given some insight into the means by which 
conjunctive use might be planned in the relatively near  future.  To 
one fami l ia r  with water  management  pract ices  current ly  followed in 
many agencies and smal l  r iver  basins  (such a s  was investigated and 
discussed in the Appendix), the cont ras t  between these p rac t i ce s  and 
those which a r e  now theoretically feasible i s  striking. It i s  hoped 
that  this study will be of value in decreasing this gap between 
theoret ical  and pract ical  management  of water  resources .  
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Conjunctive Use Feasibil i ty Study--Little Los t  River Basin 
General  
The Litt le Los t  River watershed is  located in central  Idaho, 
80 mi l e s  northwest of Pocatello. The basin  extends fo r  approximately 
50 mi l e s  northwest of the margin of the Snake River Plain,  and i s  
bounded on the southwest by the Little River Range, and on the north- 
eas t  by the Lemhi  Range ( see  Figure  9) .  The average  height of the 
mountain peaks  i s  10, 000 feet, while that of the basin  proper i s  f rom 
4800 to 6500 feet .  
Inflow to the basin  i s  made up entirely of precipitation. Surface 
runoff f r o m  the surrounding mountains i s  concentrated into numerous 
c r eeks  (many of which a r e  intermittent) ,  which feed the Little Los t  
River.  The r ive r  itself has been defined a s  s tar t ing a t  the confluence 
of Sawmill and Summit Creeks,  a t  the northwest end of the basin.  
Although the mean  annual discharge of the Lit t le Los t  River a t  Howe 
(in the lower end of the  basin)  i s  significant (50,680 acre-feet) ,  much  
of this i s  used to i r r iga te  the Lower Valley. None of the discharge 
reaches  the Snake River a s  overland flow. All sprface flow 
infi l trates into the alluvium underlying the valley floor;  this i s  
discharged into the basalt ic aquifer underlying the Snake River Plain. 
The principal aquifer in the basin i s  the alluvial valley f i l l .  
The aquifer i s  highly permeable ,  and the normal  water  table i s  quite 

close to the ground surface.  The Little Los t  River and t r ibu ta ry  
c r eeks  vary  between influent and effluent conditions along their  
lengths and with respec t  to t ime. The combination of high 
permeabi l i ty  and relatively shallow depth to ground water has  resul ted 
in a v e r y  close hydrologic relationship between the s t r e a m  and the 
aquifer.  
The principal industry in the basin i s  irr igated agr icul ture;  
g ra in  and alfalfa hay a r e  the ma jo r  crops.  The mean annual 
precipitation over the watershed i s  14 .8  inches, but a t  Howe, in the 
Lower Valley, it  i s  8 .2  inches.  P r i o r  to 1954 essentially a l l  the 
wa te r  for  i r r igat ion was  diverted f r o m  the r iver  itself. Since that  
t ime,  ground water utilization for  irr igation has  been increasing.  
The single beneficial use ,  high degree of hydrologic connection 
between the s t r e a m  and aquifer,  and closed nature of the sys tem,  
would make conjunctive use planning relatively simple in this  basin.  
The required hydrologic and geologic data for  this basin  w e r e  
obtained f r o m  publications by Hendricks (1963) and Mundorff, Broom, 
and Kilburn (1963). Economic, agr icul tural ,  and legal information 
w a s  obtained f rom personal  conversations with individuals in the 
Li t t le  Los t  River a r ea .  
Lega l  a s se s smen t  
Oscar  Johnson (1967), wate rmas te r  for  the Little Lost  River,  
indicated that the streamflow w a s  m o r e  than fully appropriated.  Water 
r igh t s  in the a r e a  take  the f o r m  of d e c r e e s  which allow the  d ive rs ion  
of specified f lows.  At the beginning of the n o r m a l  i r r i g a t i o n  s e a s o n  
(Apri l  I ) ,  s t r eamf low is sufficient  to sa t i s fy  a l l  r i g h t s  ( excep t  flood 
r i g h t s ) ;  flow i s  usual ly  insufficient  beginning the e a r l y  p a r t  of July.  
The n o r m a l  i r r iga t ion  s e a s o n  extends  to l a t e  October .  M r .  Nephi 
Hansen (1967), who w a s  w a t e r m a s t e r  fo r  the bas in  unti l  1964, 
substantiated the over -appropr ia t ion .  He s ta ted  tha t  the  appropr ia t ions  
totaled approx imate ly  400 c f s ,  while mean  annual  d i s c h a r g e  n e a r  Howe 
i s  70.0 cfs ,  and m e a n  Ju ly  d i s c h a r g e  i s  90 .4  c f s  (Hendr icks ,  1963, 
p. 100). 
T h e r e  a p p e a r s  to  be  no r e s t r i c t i o n  on appropr ia t ion  of ground 
w a t e r  in  the bas in  (York,  1967). Individuals d e s i r i n g  to d r i l l  we l l s  
and ins ta l l  pumps  need only f i le  the i r  intentions wi th  the State 
Reclamat ion Engineer .  
M r .  Johnson indicated tha t  w a t e r  exchanges a r e  pe rmi t t ed .  
One l imi ta t ion  to th i s  p r a c t i c e  i s  that  wa te r  r emoved  d o w n s t r e a m  in 
exchange f o r  a n  u p s t r e a m  r igh t  i s  a s s e s s e d  a 1070 t r a n s p o r t a t i o n  fee .  
This w a s  sa id  to be r e q u i r e d  by the e x t r e m e l y  high pe rco la t ion  l o s s e s  
in  the s t r e a m b e d .  M r .  Johnson could f o r e s e e  no diff icult ies  with a 
d ive rs ion  of s t r eamf low if the quanti ty of w a t e r  d ive r ted  w e r e  
replaced by pumped w a t e r .  
The l ega l  a s s e s s m e n t  should r e s u l t  in a dec i s ion  t o  continue 
the investigation. 
Estimation of ground water  
extraction cos t s  
The u s e  of pumped ground water  for  i r r igat ion is  a common 
pract ice  in the Lit t le Lost  River basin. Although severa l  farming 
operations a r e  conducted with ground water a s  the only source of 
supply (notably the 2400-acre Ruby F a r m s  in the lower valley), 
ground water  i s  general ly  supplemental to su r f ace  supplies. The 
Soil Conservation Service agent (Stallnaker, 1967) estimated that 
near ly  a l l  landowners in the basin  have one o r  m o r e  wel ls  on their  
proper ty  to insure  against  crop lo s se s  when sur face  supplies a r e  
inadequate. 
Pumpage f r o m  ground water  i s  not me te red  in this a r e a ,  and 
p e r  unit pumpage cos t s  can only be estimated.  Individuals within 
the basin  es t imated the pumping costs  in the Lower Valley a t  $1. 62 - 
$3.75/acre-foot.  Average pumping l if ts  a r e  60 feet  in the Upper 
Valley, and 94 fee t  in  the Lower Valley. 
Due to t ime l imitations,  reliable data concerning fixed costs 
and maintenance costs  of pump ir r igat ion sys t ems  in  the basin w e r e  
not obtained. This could be accomplished in a normal  study by 
careful review of f a r m  records .  Davis and P r i c e  (1967) have 
performed such a review in the Milford, Utah, a r e a ,  a basin with 
s imi la r  pumping lift (85-foot average)  and s imi l a r  aqui fe rs  (valley 
fi l l) .  There ,  average  fixed cost  plus maintenance cost  f o r  pumped 
water  was  calculated to be $1. 66/acre-foot.  Using this f igure a s  
approximate for  the Little Lost  River basin,  total p e r  unit costs  for  
pumped water  would be on the o r d e r  of $4/acre-foot.  
Determination of benefit-quantity 
curve  
A relatively shor t  analysis  of the wa te r  supply in the Lit t le 
Los t  River basin reveals  that a benefit-quantity curve i s  not 
neces sa ry  to make the next decision in the feasibility study. The re  
i s  no physical water  shortage in the basin;  Mundorff, Broom, and 
Kilburn (1963, p. Q43) es t imate  an additional 50, 000 ac re - f ee t lyea r  
could be pumped without harmful  effects. Most wa te r -use r s  in the 
basin  have wel ls ,  and a r e  f r e e  to pump water  a t  any t ime,  but a r e  
constrained economically. Although Mr. Stallnaker es t imates  t h e r e  
a r e  50, 000 additional a c r e s  of a quality equilvalent to those now 
under i r r igat ion (except for  water  supply), this land has  not been 
developed. The logical conclusion is  that the re turns  f r o m  the wa te r  
a r e  not sufficient to cover the pumping costs.  In this par t icular  a r e a ,  
planned conjunctive use cannot r e su l t  in significantly decreasing the 
pumping l i f ts  (and consequently decreasing the pumping cos t s ) ,  s ince 
these l i f ts  a r e  low a t  the presen t  t ime. Hence additional water  made  
available would not be utilized. 
This phase resu l t s  in  a decision to  terminate  this path. 
Determinat ion of p r e s e n t  
d is t r ibut ion c o s t s  
Although planned conjunctive use  a p p e a r s  infeasible f o r  
providing additional w a t e r  to  u s e r s  in the Li t t le  L o s t  R iver  bas in ,  
feas ib i l i ty  with r e g a r d  to provis ion of distr ibution economies  m u s t  a l s o  
be  invest igated.  Th i s  r e q u i r e s  the determinat ion of ground w a t e r  
ext rac t ion c o s t s  ( a l r e a d y  accompl i shed) ,  the de te rmina t ion  of p r e s e n t  
d is t r ibut ion c o s t s ,  and inspect ion of the s y s t e m  f o r  points  of poss ib le  
cos t  reduction.  
P r e s e n t  d is t r ibut ion c o s t s  m a y  be divided into the c o s t s  of 
providing the su r face  supply, and the cos ts  of the supplementa l  ground 
w a t e r  supply normal ly  requ i red .  The Blaine County I r r iga t ion  
Company suppl ies  a l a r g e  s h a r e  of the su r face  w a t e r  to  individual 
i r r i g a t o r s ,  and dis t r ibut ion c o s t s  incur red  by this  company  should be 
indicative of the a v e r a g e  dis t r ibut ion c o s t s  throughout the bas in .  The 
total  d is t r ibut ion c o s t s  a r e  covered  by the i r r i g a t o r s  belonging to the  
company; a s s e s s m e n t s  a r e  m a d e  to  each according to the  s i z e  of h i s  
i r r iga ted  a c r e a g e .  In 1967, the a s s e s s m e n t  w a s  $1. l o l a c r e ,  o r  
approximate ly  15$ /ac re - foo t  (Pope,  1967). (Surface i r r i g a t i o n  
eff iciencies a r e  se ldom g r e a t e r  than 4070--Stallnaker, 1967. ) I t  wi l l  
be recal led  that  c o s t s  of pumped w a t e r  w e r e  in the neighborhood of 
$4. 001acre-foot .  
Rei tera t ing,  s u r f a c e  w a t e r  ( a t  15$ /ac re - foo t )  i s  used accord ing  
to w a t e r  r ights  until  the supply  becomes  deficient .  P u m p e d  w a t e r  ( a t  
$ 4 . 0 0 / a c r e - f o o t )  is  then used to complete the  n e c e s s a r y  c r o p  r e q u i r e -  
m e n t s .  Mundorff indica tes  that  the Li t t le  L o s t  R iver  dur ing the l a t t e r  
p a r t  of the i r r iga t ion  s e a s o n  i s  influent to the  ground w a t e r  r e s e r v o i r  
in the Upper Basin;  f r o m  a point approximate ly  eight  m i l e s  nor th  of 
Howe, the s t r e a m  i s  influent dur ing a l l  seasons .  M r .  Hansen 
approx imates  the a v e r a g e  s t r e a m  l o s s e s  dur ing low w a t e r  a t  40 - 50% 
of s t reamflow.  He f u r t h e r  s t a t e s  that  e a r l y  w a t e r  r igh t s  amounting 
to  72 cfs  a r e  held by L o w e r  Basin  landowners ;  these  r ights  m u s t  be  
filled p r i o r  to the d i v e r s i o n  of any  signif icant  quanti ty in the Upper 
Basin .  
It can be  concluded f r o m  the above informat ion that  a  s u r f a c e -  
w a t e r  d ive r s ion  in  the Upper Basin  would effect ively reduce  Lower  
Basin  s t r eamf low by a quanti ty l e s s  than the amount  of the ac tual  
d ivers ion.  F o r  example ,  a s suming  40% l o s s e s  i n  the s t r e a m  and 
Upper Bas in  s t r eamf low of 100 c f s ,  Lower  Basin  s t reamflow wil l  be 
60 c i s .  A 50 c f s  d ive r s ion  in the Upper Basin  wi l l  l eave  50 c f s  in the 
s t r e a m ,  o r  30 c f s  in the Lower  Basin .  Thus 20 c f s  h a s  been l o s t  to 
L o w e r  Bas in  u s e r s ,  but  50 c f s  h a s  been gained by Upper Basin  u s e r s .  
The dis t r ibut ion economies  poss ib le  wi th  planned conjunctive use  
now become a p p a r e n t .  F r o m  the s y s t e m  viewpoint,  i t  i s  m u c h  m o r e  
eff icient  fo r  the  Upper Basin  i r r i g a t o r s  to use  s u r f a c e  w a t e r  whenever  
physical ly poss ib le .  With this  opera t ion,  the  total  quantity of wa te r  
which m u s t  be  pumped wi l l  be min imized .  
A rough  e s t i m a t e  of the c o s t  savings  m a y  be  obtained in the 
following m a n n e r .  Mundorff approx ima tes  1959 pumpage  in the Upper  
Bas in  a t  12 ,  000 a c r e - f e e t ,  and in  the Lower  Bas in ,  25 ,  000 a c r e - f e e t .  
T h e r e  a r e  no f a r m s  in the Upper  Bas in  which u t i l ize  only pumped w a t e r ,  
s o  the 12 ,000  a c r e - f e e t  c a n  b e  a s s u m e d  t o  be  a supp lemen ta l  supply f o r  
approx imate ly  n ine ty  d a y s  beginning July 1.  A v e r a g e  s t r eamf low ( a t  
the  Howe gaging s t a t ion )  dur ing  th i s  period w a s  76 .  6 c f s ,  o r  a  to ta l  of 
12 ,600  a c r e - f e e t .  I t  would not be  unreasonab le  t o  a s s u m e  tha t  8 , 0 0 0  
a c r e - f e e t  of t h i s  s t r e a m f l o w  could have  been  u s e d  in the Upper Bas in  
f o r  i r r iga t ion .  With a conse rva t ive  e s t i m a t e  of 20% s t r eamf low l o s s ,  
the amoun t  of s u r f a c e  w a t e r  saving  i s  ca lcula ted  t o  b e  1600 a c r e - f e e t .  
Since the  d i f f e rence  be tween c o s t  of pumped w a t e r  and c o s t  of s u r f a c e  
w a t e r  i s  $4. 00 m i n u s  $0. 15 o r  $3.  85,  the potent ia l  saving  f r o m  th is  
method of ope ra t ion  i s  o v e r  $6 ,000 f o r  the y e a r .  
I t  i s  r e e m p h a s i z e d  tha t  t h i s  conjunct ive u s e  ope ra t ion  i s  
f e a s i b l e  under  the  p r e s e n t  l ega l  f r a m e w o r k .  T h e r e  a r e  a d m i n i s t r a t i v e  
diff icul t ies  which  would have  to be r e so lved ;  t h e s e  would conce rn  
a r r a n g e m e n t s  f o r  p a y m e n t s  f r o m  Upper Bas in  u s e r s  to L o w e r  Bas in  
u s e r s  t o  divide the  c o s t s  of L o w e r  Bas in  pumpage .  P robab ly  the m o s t  
e f f ic ient  o rgan iza t iona l  f o r m  would be  one in which  the i r r i g a t i o n  
company owned and ope ra ted  the w e l l s  and pumping equipment  a s  w e l l  
as the  s u r f a c e  d i s t r ibu t ion  s y s t e m .  
The  outcome of the f eas ib i l i t y  s tudy i s  a  dec i s ion  t o  p roceed  wi th  
de ta i led  conjunct ive u s e  planning f o r  m a x i m u m  d i s t r ibu t lon  e c o n o m i e s .  
